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PREFACE 
 
 

 One of the most exciting features of microorganisms is their ability to 

survive in anaerobic environments.  The metabolic features, unique cofactors, 

and varied terminal electron acceptors used by these unique microorganisms 

demonstrate novel mechanisms for life and lead to new ideas about our 

understanding of ‘hostile’ environments.  Indeed, bacteria have been found in 

areas ranging from the deepest reaches of the ocean to environments at 

temperatures above 100º C. We now have an understanding of their ability to use 

sulfurous-, metallic-, or nitrogenous-compounds as terminal electron acceptors.  

In fact, sulfur and metal chemistry is important for many human physiological 

processes as well.  Nevertheless, the focus of this dissertation is to further 

characterize the ability of prokaryotic organisms to mineralize hydrocarbons in 

the absence of molecular oxygen, and to develop diagnostic indicators for this 

process that can be used to monitor in situ activity in the environment.   

 Hydrocarbons represent the main sources of energy for mankind, and are 

expected to retain this status for the foreseeable future despite the increasing 

relevance of alternative energy sources.  The realization that bacteria are able to 

survive in the presence of hydrocarbons happened in the early 20th century, but 

the mineralization of these compounds was only thought to occur in the presence 

of oxygen.  We now understand not only that anaerobic hydrocarbon 

biodegradation can occur, but also that this activity affects geochemical changes 

in petroliferous formations, alters the chemical profile of crude oil, and can 

increase the overall cost of energy production.  Several anaerobic activation 



xii 

 

 

mechanisms for hydrocarbons have been elucidated including addition of a 

hydrocarbon moiety across the double bond of fumarate, carboxylation, or direct 

methylation of the C-H bond.  Recently, it has even been suggested that nitrite 

can act as both a terminal electron acceptor and a co-metabolite for n-alkane 

activation in a nitrate-reducing bacterium.  Therefore, our understanding of 

anaerobic processes relating to hydrocarbon degradation and cycling is only in 

its infancy and new activation strategies may still be discovered.  The ability to 

carry out fumarate addition to n-alkanes is dependent upon the presence of an 

enzyme known as alkylsuccinate synthase.  The DNA sequence coding for this 

enzyme was recently characterized, and several proteins related to the process 

have been expressed in their inactive form.  Questions remain however as to 

latter steps of the pathway, how these steps are catalyzed, and how anaerobic 

metabolism of n-alkanes affects the overall physiology of other cellular processes 

on an organismal and community level.  These are the questions that I aim to 

address in this dissertation.   

 This work is comprised of three chapters, all related to the biodegradation 

of n-alkanes under anoxic conditions.  The first chapter uses the concept of 

stable carbon and hydrogen isotope fractionation, in the context of the Rayleigh 

model, to compare n-alkane activation mechanisms under aerobic and anaerobic 

conditions.  The model aerobic alkane-degrading organism Pseudomonas putida 

was compared to a model sulfate-reducing, alkane-degrading bacterium 

Desulfoglaeba alkanexedens strain ALDC.  I found that enrichment factors (ε bulk) 

during aerobic and anaerobic hydrocarbon mineralization were significantly 
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different and, when combined with ε bulk values for hydrogen, provided a 

diagnostic pattern of compound specific isotope enrichment.  In collaboration with 

Dr. Anko Fischer, enrichment factors developed from strain ALDC were used to 

model alkane biodegradation in a Chinese oil reservoir.  I conducted this work in 

the laboratory of Dr. Hans-Hermann Richnow, at the Helmholtz Centre for 

Environmental Research (UFZ) in Leipzig, Germany.  This chapter was written in 

the style required by Applied and Environmental Microbiology, where it has been 

submitted as a manuscript.  The following chapters are also presented in this 

format for conformity.  Chapter two investigates the physiology of Desulfoglaeba 

alkanexedens by comparing different protein expression profiles during 

metabolism of butyrate and hexane, respectively.  This work was also done while 

in Germany, in collaboration with Dr. Martin von Bergen at the UFZ.  I grew the 

cultures, extracted the proteins, and performed bioinformatics and data analysis.  

Dr. von Bergen’s group operated the protein mass spectrometer.  The genome 

sequence for strain ALDC was obtained at the OU Advanced Center for Genome 

Technology in collaboration with Dr. Fares Najar and annotated by myself, using 

the genome sequence of Desulfatibacillum alkenivorans (AK-01) as a scaffold. I 

was involved in the annotation of the latter organism with Dr. Amy Callaghan at 

OU.  In the second chapter, I present information showing that strain ALDC 

differentially regulates proteins related to arginine biosynthesis in the presence of 

n-alkanes.  Upon my return to the US, I found that amendments of arginine-

family amino acids yielded increased rates of sulfate reduction during growth of 

ALDC on decane. The final chapter extends the information I learned from the 
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pure culture study of strain ALDC to a model hydrocarbon-degrading, 

methanogenic consortium. I grew the consortium in the presence of residual oil-

bearing sandstone core and quartz sand, and examined the enrichment of 13C in 

carbon dioxide and methane when grown on several straight-chain fatty acids 

and n-alkanes.  Assistance from Dr. Felipe Bastida, at the UFZ, helped me 

extract proteins from the core and quartz sand respectively, and I compared the 

protein profiles of the community using 13C-labeled substrates and bioinformatics.  

This work was conducted in collaboration with both Dr. Hans-Hermann Richnow 

and Dr. Martin von Bergen.  Major findings from chapter 3 are related to the 

demonstration that carbon sharing is more even in the presence of alkanes than 

fatty acids, illustrating a greater degree of syntrophy than previously 

characterized.  In fact, it seems that the three pathways for methanogenesis all 

contribute equally to the overall production of methane in this system.  In 

addition, I found similar proteins related to arginine biosynthesis in ALDC to be 

differentially expressed in the methanogenic consortium. The implications of 

these findings in light of the larger anaerobic hydrocarbon degradation story are 

discussed.   
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ABSTRACT 
 

 

In the first chapter, carbon and hydrogen isotope fractionation of n-alkanes 

was examined in order to compare aliphatic hydrocarbon biodegradation under 

oxic and anoxic conditions. Desulfoglaeba alkanexedens, a sulfate-reducing 

bacterium known to degrade n-alkanes, and Pseudomonas putida strain GPo1, 

an aerobic alkane degrading bacterium, were used as model organisms for the 

study. Hexane and octane were used as model substrates. Bulk isotope 

enrichment factors (ε bulk) for carbon and hydrogen under anoxic conditions were 

respectively, -5.5 ± 0.2‰ and -43.1 ± 6.3‰ for hexane, and -5.2 ± 0.4‰ and -

27.8 ± 4.2‰ for octane. The ε bulk for carbon during aerobic hexane 

biodegradation was -4.3 ± 0.3‰, while hydrogen isotope fractionation was too 

low for quantification. The correlation of n-alkane carbon and hydrogen isotope 

fractionation (Λ reactive) for sulfate-reducing conditions was between 9.12± 1.67 

and 6.02± 1.37, while the comparable measure for aerobiosis was < 2. We 

compared our results to carbon and hydrogen isotope values from an oil 

reservoir and demonstrate how carbon and hydrogen isotope analysis can be 

used to garner an understanding of in situ microbial processes within oil 

formations and contaminated environments. 

The second chapter characterizes a draft genome for Desulfoglaeba 

alkanexedens (strain ALDC) and 3,168,086 base pairs encoding a total of 2,856 

protein open reading frames (ORFs) were identified. The G+C content of the 

sequenced genome is 60.12%. This information was used to conduct a 
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differential proteomics study of the strain grown separately on butyrate and n-

decane in order to characterize the physiology of the organism with particular 

regard to anaerobic n-alkane biodegradation. Shotgun proteomics using nano 

high performance liquid chromatography coupled to an LTQ-Orbitrap mass 

spectrometer revealed 97 and 75 proteins expressed exclusively under the 

alkane- and butyrate-growth condition, respectively. Another 217 proteins were 

common to both growth conditions.  The analysis revealed that alkylsuccinate 

synthase and the proteins associated with the arginine biosynthesis pathway 

were only expressed in the presence of n-alkanes. Higher rates of sulfate 

reduction were observed during n-decane mineralization by the bacterium in the 

presence of citrulline, ornithine, aspartate, and arginine, relative to the amino 

acid unamended control. In butyrate-grown cells, butyrate is likely activated to its 

CoA thioester using acetyl-CoA transferase and subsequently metabolized by a 

typical complement of β-oxidation proteins. Proteins comprising the flagellar 

basal body and motor were also differentially detected in butyrate-grown cells. 

Proteins common to both growth conditions included the sulfate-reducing 

metabolic machinery, the β-oxidation components, and essential cell-

housekeeping complexes including ATP synthases, H+/Na+-pumping Rnf-type 

complexes, and heterodisulfide reductases.  D. alkanexedens expresses more 

proteins related to oxygen stress when grown on decane compared to butyrate, 

apparently reflecting the oxygen-sensitive nature of glycyl-radical enzymes 

necessary for hydrocarbon metabolism. For example, rubrerythrin and 

desulfoferredoxin were detected only in alkane-grown cells, and are predicted to 



xvii 

 

 

have peroxidase and superoxide reductase activities respectively.  The 

combination of shotgun proteomics coupled with draft genome sequence 

analysis provided greater insight on the general physiology and regulatory 

controls of in situ metabolic activity in this model n-alkane-using, sulfate-reducing 

bacterium.   

The results from the second chapter were expanded to the third chapter to 

investigate methanogenic degradation of n-alkanes by a microbial enrichment.  

The contribution of complete and incomplete hydrocarbon mineralization to 

overall carbon cycling, as well as the role of different methanogenic pathways to 

overall methane production in these environments is unclear. Carbon flow in a 

model methanogenic consortium capable of n-alkane mineralization was 

investigated using a combination of proteomics, stable isotope probing, and the 

degree of δ13C incorporation in mineralization end products.  Results show that 

13C from uniformally labeled substrates was distributed evenly among consortium 

members in the presence of hydrocarbons, and used by a small portion of the 

community members when provided only in the form of fatty acids.  Therefore, 

syntrophy plays a larger role during the mineralization of hydrocarbons.  In 

addition, patterns of δ 13C enrichment for methane and CO2 in the presence and 

absence of hydrocarbons also suggest that complex microbial interactions occur 

during methanogenic hydrocarbon mineralization.  For example, the ∆δ 13C of 

CO2 was statistically identical in all incubations, but the ∆δ 13C for methane was 

greater in the presence of hydrocarbons compared to fatty acids alone. In all 

incubations, aceticlastic and hydrogenotrophic methanogens incorporated 13C 
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into their proteomes to an equal extent, suggesting that one pathway is not 

dominant during methanogenic hydrocarbon decay by the model consortium.  

Stable isotope probing of proteins identified signature enzymes responsible for 

methanogenesis from CO2 and acetate labeled with 78.0 ± 4.4 % and 73.3 ± 1.0 

% 13C, respectively.  A protein capable of catalyzing fumarate addition to a 

hydrocarbon was not found, despite previous evidence for the presence of genes 

encoding these enzymes.  Five proteins were identified only in the sole presence 

of hydrocarbons, including a polyphosphate kinase, CheA signal transduction 

histidine kinase, argininosuccinate lyase, cellulase, and a resolvase-like protein. 

Collectively, this study suggests that each organism in this enrichment culture 

fills a unique niche, and may contribute to the capacity for hydrocarbon 

degradation in ways that are previously unrecognized. 

In conclusion, this dissertation provides enrichment factors for n-alkane 

biodegradation and reveals characteristic patterns of compound specific isotope 

enrichment for mineralized end products during methanogenic hydrocarbon 

degradation.  Both can be used to monitor in situ biodegradation on n-alkanes 

without previous knowledge of bacterial species or biodegradation processes at a 

site of interest.  Furthermore, information regarding the proteins expressed 

during anaerobic alkane mineralization by a model SRB provided new insight into 

the physiology of this process.   
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CHAPTER 1 

 

Characterization of Aerobic and Anaerobic n-Alkane Biodegradation  

Using Stable Carbon and Hydrogen Isotope Analysis 

 
 

Abstract 

 

Carbon and hydrogen isotope fractionation of n-alkanes was examined in 

order to compare aliphatic hydrocarbon biodegradation under oxic and anoxic 

conditions. Desulfoglaeba alkanexedens, a sulfate-reducing bacterium known to 

degrade n-alkanes, and Pseudomonas putida strain GPo1, an aerobic alkane 

degrading bacterium, were used as model organisms for the study. Hexane and 

octane were used as model substrates. Bulk isotope enrichment factors (ε bulk) for 

carbon and hydrogen under anoxic conditions were respectively, -5.5 ± 0.2‰ and 

-43.1 ± 6.3‰ for hexane, and -5.2 ± 0.4‰ and -27.8 ± 4.2‰ for octane. The ε bulk 

for carbon during aerobic hexane biodegradation was -4.3 ± 0.3‰, while 

hydrogen isotope fractionation was too low for quantification. The correlation of n-

alkane carbon and hydrogen isotope fractionation (Λ reactive) for sulfate-reducing 

conditions was between 9.12± 1.67 and 6.02± 1.37, while the comparable 

measure for aerobiosis was < 2. We compared our results to carbon and 

hydrogen isotope values from an oil reservoir and demonstrate how carbon and 

hydrogen isotope analysis can be used to garner an understanding of in situ 

microbial processes within oil formations and contaminated environments. 
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Introduction 

 

A better understanding of the physiology and biochemistry of anaerobic n-

alkane degradation in aquifers and oil formations has led to renewed interest in 

developing quantitative indicators of microbial processes in these environments. 

Characterizing in situ biodegradation activities would not only be important for 

monitoring alkane loss due to natural attenuation processes at contaminated 

sites, but can also be used to evaluate the extent of alkane depletion and 

consequent ‘heavy’ oil formation in reservoirs (25). Despite the relatively inert 

chemical nature and highly reduced state of hydrocarbons, it is now clear that 

these compounds can be degraded under both oxic and anoxic conditions (46). 

Several enzyme systems have been identified that are capable of oxidizing 

alkanes under oxic conditions, including soluble and particulate methane 

monooxygenase (sMMO and pMMO, respectively), cytochrome P450, and 

alkane ω-monooxygenases. All of these systems catalyze the activation of 

dioxygen to form alkanols, however the mechanisms and cofactors involved in 

the reactions vary (61). Pseudomonas putida GPo1, previously known as 

Pseudomonas oleovorans, has been used extensively as a model for aerobic 

alkane degradation initiated by alkane hydroxylases (4, 63). The catalytic subunit 

of alkane hydroxylase, AlkB, facilitates the terminal oxidation of medium-chain 

length aliphatic hydrocarbons to primary alcohols while using NADH as a 

necessary cofactor (31). A wide range of hydrocarbon oxidation has been 
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observed during in vivo and in vitro assays (62), but the n-alkane substrate range 

is typically considered to be C5 to C12 (63). However, Johnson and Hyman (28) 

showed that propane and butane could also be degraded by P. putida GPo1 

when octane was provided as an additional carbon source.   

Conversely, there are a number of strict anaerobes capable of 

hydrocarbon degradation under sulfate-reducing (1, 8), nitrate-reducing (6), 

iron(III)-reducing (35) and syntrophic growth conditions (1, 52). One such 

organism, Desulfoglaeba alkanexedens, was isolated from an oily-wastewater 

storage facility and is capable of degrading hexane, octane, decane, and 

dodecane completely to CO2 under sulfate-reducing conditions (11). This 

organism is one of only eight known sulfate-reducing isolates capable of 

degrading n-alkanes (11, 67). D. alkanexedens was the primary member of an 

enrichment culture first shown to degrade n-alkanes via the fumarate addition 

mechanism while growing on n-dodecane (12, 32), a process characterized in 

few other sulfate-reducing organisms to date (8). Fumarate addition to a 

hydrocarbon to form a succinic acid derivative is now known to be a common 

activating mechanism in anoxic environments for diverse substrate classes 

including alkyl benzenes, PAHs, alicyclic and n-alkanes, and BTEX-related 

compounds (40, 68). The glycyl radical enzymes that catalyze the reaction with 

n-alkanes are alkylsuccinate synthases (9), also known as (1-

methylalkyl)succinate synthases (24). Currently, researchers have not purified an 

alkylsuccinate synthase, although cloning and expression of the inactive form of 

the closely-related benzylsuccinate synthase was successful (33). Such efforts 
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are complicated in sulfate-reducing bacteria (SRB) due to slow growth rates, low 

biomass yields, and rapid loss of radical activity in purified extracts (38). 

Therefore, it would be useful to utilize techniques other than classic protein 

characterization to garner information about biodegradation rates and 

biochemical mechanisms of n-alkane activation in these organisms. One 

technique that has been used successfully to characterize biodegradation 

pathways and elucidate reaction mechanisms is compound specific stable 

isotope analysis (CSIA) (40). 

 CSIA has been used to describe biodegradation of contaminants in 

groundwater systems (15, 23, 40, 49, 55) and oil reservoirs (20, 56, 64, 69). The 

Rayleigh equation is applied to quantify the isotope fractionation process and 

correlate isotope enrichment to the extent of biodegradation (60). Laboratory 

experiments, where substrate loss is only due to bacterial metabolism, are 

conducted to quantify the isotopic enrichment during biodegradation by 

calculating bulk isotopic enrichment factors (ε bulk) that might later be used as a 

parameter to quantify in situ biodegradation in the field. Isotopic fractionation is a 

result of variations in bond strength between 2H and 1H, and between 13C and 12C 

containing molecules, and leads to a preferential cleavage of bonds formed with 

‘light’ isotopes and an accumulation of ‘heavy’ isotope-containing compounds in 

the residual unreacted substrate fraction over time. Bulk isotopic enrichment 

factors determined from in vitro studies can be applied to environmental samples 

to resolve rates of biodegradation, or to monitor the loss of substrates via in situ 

microbial activities (17). For the comparison of isotopic fractionation processes 



 

 
 

5 

 

for various compounds, the enrichment factors for the reactive position (ε reactive) 

can be calculated from the ε bulk values, corrected for ‘dilution effects’ of heavy 

isotopes located in non-reactive positions, and used to characterize reaction 

mechanisms (14). In addition, apparent kinetic isotope effects (AKIE) can be 

derived from position-specific enrichment values (ε reactive) and compared to 

kinetic isotope effects (KIE) derived from theoretical modeling approaches (e.g. 

semi quantitative Steitwieser limits), or the biochemical literature, for the purpose 

of characterizing specific bond changes during different biochemical pathways 

(18).  

Significant isotope effects are only observed when the primary irreversible 

step in a biological transformation process is rate limiting and isotopically 

sensitive (45). Lower AKIE values compared to KIE values from the literature 

may indicate that rate limiting processes occur prior to or after the isotopically 

sensitive step (45). Since aliphatic hydrocarbon solubility in water is seriously 

affected by chain-length, it is likely that bioavailability plays an important role in 

determining overall biodegradation kinetics, thus reducing the extent of isotopic 

enrichment in oil reservoirs or contaminated ground water systems in comparison 

to the isotopic fractionation of the pure biochemical bond cleavage. Bioavailability 

might also become a rate-limiting step during biodegradation, subsequently 

decreasing the extent of isotope fractionation (59). However, rate limitations 

associated with substrate partitioning into the aqueous phase should affect each 

element of a compound in a similar manner, and measurement of isotopic 

fractionation for two or more elements in the same compound is suggested to 
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characterize bond cleavage better than the isotope effect of one element. (14). 

Therefore, analysis of the carbon and hydrogen isotopic composition of a reactive 

molecular moiety in a compound might provide unique insight into the study of 

hydrocarbon degradation in the environment. This concept is called two-

dimensional isotope fractionation analysis (TDIFA) and has previously been used 

to characterize biodegradation of such compounds as benzene, toluene and 

xylene in pure and mixed cultures (17, 26, 36, 37, 65), as well as methyl tert-butyl 

ether (13, 22, 27, 50).  

We determined carbon and hydrogen isotopic fractionation during the 

biodegradation of hexane and octane by D. alkanexedens, and hexane by P. 

putida strain PGo1. Experimentally derived isotopic enrichment factors, AKIEs, 

and the correlation of n-alkane carbon and hydrogen isotope fractionation (Λ 

reactive) are compared to other known metabolic pathways initiated by glycyl-

radical enzymes and monooxygenases. The isotope data from this study is 

compared to carbon and hydrogen isotope values from field data to quantify 

hydrocarbon biodegradation in an oil reservoir using isotopic fractionation 

concepts.  

 

Materials and Methods 

 

Microorganisms and Media Preparation 

Desulfoglaeba alkanexedens strain ALDC was grown anaerobically in an 

artificial seawater medium (pH 7.2) (66) amended with resazurin to serve as a 



 
 

 

redox indicator (1mL of a 0.1% solution L

dispensed anaerobically (3

headspace, and sealed with Teflon

After autoclaving, sodium bicarbonate (3.0g L

solution), and 10ml L-1 of a vitamin solution 

reduced with cysteine-sulfide (0.05g of each per liter). Eac

inoculated with a nitrogen-

30° C. Finally, hexane and octane were added neat at theoretical starting 

concentrations of 3mM via calibrated Hamilton™ syringe, although actual 

concentrations in the aqueous phase would be determined by solubility and 

incubation temperature. This alkane concentration was used to stoichiometrically 

monitor alkane degradation via sulfate depletion. Sulfate concentrations were 

determined by ion chromatography as

stoichiometry of alkane loss was calculated according to previously determined 

mass balance equations for the SRB used here 

Three replicates were acidified (<pH 2) for each time point when alkane 

concentrations were at approximately 0, 70, 75, 80, 85, 90, 95, and 99 percent 

degradation, as calculated by the mass balance of sulfate loss.

 Pseudomonas putida

at the Helmholtz Centre for Environmental Research 

Cultures were grown on an orbital shaker at 30°C in  Brunner mineral salt medium 
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redox indicator (1mL of a 0.1% solution L-1). The medium was prepared and 

3) into 60mL serum bottles with N2:CO2 (4:1) 

headspace, and sealed with Teflon-lined stoppers and aluminum crimp seals. 

After autoclaving, sodium bicarbonate (3.0g L-1 from a 10% autoclaved stock 

of a vitamin solution (58) were added and the bottles were 

sulfide (0.05g of each per liter). Each bottle was then 

-flushed syringe. The cultures were grown inverted at 

C. Finally, hexane and octane were added neat at theoretical starting 

concentrations of 3mM via calibrated Hamilton™ syringe, although actual 

ns in the aqueous phase would be determined by solubility and 

incubation temperature. This alkane concentration was used to stoichiometrically 

monitor alkane degradation via sulfate depletion. Sulfate concentrations were 

determined by ion chromatography as described previously (7). The 

stoichiometry of alkane loss was calculated according to previously determined 

mass balance equations for the SRB used here (11): 

ree replicates were acidified (<pH 2) for each time point when alkane 

concentrations were at approximately 0, 70, 75, 80, 85, 90, 95, and 99 percent 

degradation, as calculated by the mass balance of sulfate loss. 

Pseudomonas putida strain GPo1 was obtained from the culture collection 

at the Helmholtz Centre for Environmental Research – UFZ (Leipzig, Germany). 

Cultures were grown on an orbital shaker at 30°C in  Brunner mineral salt medium 

). The medium was prepared and 

(4:1) 

lined stoppers and aluminum crimp seals. 

from a 10% autoclaved stock 

were added and the bottles were 

h bottle was then 

flushed syringe. The cultures were grown inverted at 

C. Finally, hexane and octane were added neat at theoretical starting 

concentrations of 3mM via calibrated Hamilton™ syringe, although actual 

ns in the aqueous phase would be determined by solubility and 

incubation temperature. This alkane concentration was used to stoichiometrically 

monitor alkane degradation via sulfate depletion. Sulfate concentrations were 

stoichiometry of alkane loss was calculated according to previously determined 

 (eq.1) 

 (eq. 2) 

ree replicates were acidified (<pH 2) for each time point when alkane 

concentrations were at approximately 0, 70, 75, 80, 85, 90, 95, and 99 percent 

strain GPo1 was obtained from the culture collection 

UFZ (Leipzig, Germany). 

Cultures were grown on an orbital shaker at 30°C in  Brunner mineral salt medium 
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(pH 6.9, DSMZ medium no. 457) supplemented with DSMZ vitamin solution SL-

10 (5mL L-1). The medium (30mL) was dispensed aerobically into 120mL serum 

bottles and closed with Teflon stoppers and aluminum crimp seals. After 

autoclaving, the headspace was flushed with nitrogen and oxygen (50:50), and 

the bottles were inoculated. Autoclaved hexane (>97% pure, Sigma-Aldrich, 

Germany) was added to a theoretical initial concentration of 1mM using a 

calibrated Hamilton™ syringe. Hexane concentrations were quantified by taking 

10µL of headspace and injecting the sample into an Agilent (Agilent 

Technologies, USA) 7890 GC coupled to a model 5975 MS with an HP-5 column. 

The GC-MS program was 40°C isocratic and a split of 1:20  was used. Time 

points during the degradation were sacrificed by acidifying the medium to below 

pH 2 with 100µL of 12N hydrochloric acid (Sigma-Aldrich, Germany), the bottles 

were stored at room temperature until IRMS analysis. 

 

Analytical Instruments and Techniques 

Carbon and hydrogen isotope ratios of hexane and octane were 

determined, by gas chromatography isotope ratio mass spectrometry (GC-IRMS) 

using a MAT 253 IRMS (Thermo Scientific, Bremen, Germany). The IRMS was 

coupled to an HP 6890 gas chromatograph (Agilent Technologies, USA) via 

combustion furnace (GC/C-III, Thermo Scientific, Bremen, Germany) or pyrolysis 

reactor (GC-pyrolysis, Thermo Scientific, Bremen, Germany) for carbon and 

hydrogen isotope analysis, respectively (16). Separation of hexane and octane 

was achieved on a CP-Porabond Q column (50m x 0.32mm x 0.5 µm, Varian 



 
 

 

Analytical Instruments, Netherlands) held isocratically at 60

and a constant flow of helium at 2mL min

ratio analysis of hexane and octane, 10

respectively, were collected using a nitrogen

injected manually into the GC. 

Delta notation (δ13C and 

for heavy carbon and hydrogen respectively, versus the international standards 

Vienna Pee Dee Belemnite (V

Ocean Water (V-SMOW) for hydrogen 

The R sample and R standard notations in equation 3 represent the 

ratios in the sample versus the respective international standard. Uncertainty of 

analytical isotope measurements was better than 0.

hydrogen. Stable carbon isotope enrichment factors (

the logarithmic form of the Rayleigh equation, such that:

where δ13Co is the initial δ13

notation, and ∆δ 13C is the change of 

composition was calculated analogously. The molar fraction of remaining alkane 

at any given time is represented by the variable f. Values of 

by calculating the slope of a linear regression line ont

[‰]HorC sample
2

sample
13 δδ
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Analytical Instruments, Netherlands) held isocratically at 60° C, a split of 1:10, 

and a constant flow of helium at 2mL min-1. For carbon and hydrogen isotope 

ratio analysis of hexane and octane, 10µL and 100µL headspace samples, 

respectively, were collected using a nitrogen-flushed Hamilton™ syringe and 

ually into the GC.  

C and δ2H) was used to represent the per mil [

for heavy carbon and hydrogen respectively, versus the international standards 

Vienna Pee Dee Belemnite (V-PBD) for carbon and Vienna Standard Mean 

SMOW) for hydrogen (10, 21). The δ-values are calculated as:

  (eq. 3)

notations in equation 3 represent the 12C/13C

ratios in the sample versus the respective international standard. Uncertainty of 

analytical isotope measurements was better than 0.05‰ for carbon and 10

ble carbon isotope enrichment factors (ε bulk) were calculated using 

the logarithmic form of the Rayleigh equation, such that: 

  (eq. 4)

13C composition of the alkane at time zero in delta 

C is the change of δ13C over time. The hydrogen isotopic 

composition was calculated analogously. The molar fraction of remaining alkane 

at any given time is represented by the variable f. Values of ε bulk were obtained 

by calculating the slope of a linear regression line onto a plot comparing changes 

1000
R

RR
[‰]

dardtans

dardtanssample ⋅
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=

C, a split of 1:10, 

. For carbon and hydrogen isotope 

headspace samples, 

flushed Hamilton™ syringe and 

) was used to represent the per mil [‰] value 

for heavy carbon and hydrogen respectively, versus the international standards 

PBD) for carbon and Vienna Standard Mean 

values are calculated as: 

(eq. 3) 

C- or 1H/2H-

ratios in the sample versus the respective international standard. Uncertainty of 

for carbon and 10‰ for 

) were calculated using 

(eq. 4) 

C composition of the alkane at time zero in delta 

C over time. The hydrogen isotopic 

composition was calculated analogously. The molar fraction of remaining alkane 

were obtained 

o a plot comparing changes 



 
 

 

in substrate concentration versus changes in isotope ratios. The error of the 

was given as 95% confidence intervals (CI) and determined using a regression 

analysis as described elsewhere 

 To normalize the enrichment factor for ‘dilution effects’ of heavy isotopes 

in non-reacting positions, a position

estimated from the ε bulk using the approximation in equation 5. Position

enrichment factors were calculated using the estimate outlined by Elsner 

(14) with the following equation:

where n is the total number of elements in the molecule at x reactive positions. 

Hexane and octane have a total carbon number of 6 (n 

total hydrogen numbers are 14 for hexane (n =14) and 18 for octane (n =18). 

Aerobic degradation of n-alkanes usually starts by the monohydroxylation of a 

terminal methyl group (4, 63

expected to be in a reactive position during aerobic hexane and octane 

biodegradation (x = 2 for carbon, x = 6 for hydrogen). Previous evidence has 

shown that fumarate addition occurs at the subterminal carbon in larger aliphatic 

alkanes (32), but has also been shown to occur at the terminal position for 

propane (30). Therefore, we assume a subterminal fumarate addition for hexane 

and octane and use x equal to 2 and 4 for carbon and 

The uncertainty of ε reactive was estimated by error propagation:
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in substrate concentration versus changes in isotope ratios. The error of the 

was given as 95% confidence intervals (CI) and determined using a regression 

analysis as described elsewhere (13). 

To normalize the enrichment factor for ‘dilution effects’ of heavy isotopes 

reacting positions, a position-specific enrichment factor (ε reactive

using the approximation in equation 5. Position

enrichment factors were calculated using the estimate outlined by Elsner 

with the following equation: 

     (eq. 5)

where n is the total number of elements in the molecule at x reactive positions. 

Hexane and octane have a total carbon number of 6 (n = 6) and of 8 (n = 8). The 

total hydrogen numbers are 14 for hexane (n =14) and 18 for octane (n =18). 

alkanes usually starts by the monohydroxylation of a 

63). Thus, 2 carbon and 6 hydrogen atoms can be 

expected to be in a reactive position during aerobic hexane and octane 

biodegradation (x = 2 for carbon, x = 6 for hydrogen). Previous evidence has 

hat fumarate addition occurs at the subterminal carbon in larger aliphatic 

, but has also been shown to occur at the terminal position for 

. Therefore, we assume a subterminal fumarate addition for hexane 

and octane and use x equal to 2 and 4 for carbon and hydrogen, respectively.

was estimated by error propagation: 

in substrate concentration versus changes in isotope ratios. The error of the ε bulk 

was given as 95% confidence intervals (CI) and determined using a regression 

To normalize the enrichment factor for ‘dilution effects’ of heavy isotopes 

reactive) can be 

using the approximation in equation 5. Position-specific 

enrichment factors were calculated using the estimate outlined by Elsner et al. 

(eq. 5) 

where n is the total number of elements in the molecule at x reactive positions. 

= 6) and of 8 (n = 8). The 

total hydrogen numbers are 14 for hexane (n =14) and 18 for octane (n =18). 

alkanes usually starts by the monohydroxylation of a 

. Thus, 2 carbon and 6 hydrogen atoms can be 

expected to be in a reactive position during aerobic hexane and octane 

biodegradation (x = 2 for carbon, x = 6 for hydrogen). Previous evidence has 

hat fumarate addition occurs at the subterminal carbon in larger aliphatic 

, but has also been shown to occur at the terminal position for 

. Therefore, we assume a subterminal fumarate addition for hexane 

hydrogen, respectively. 
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   (eq. 6)  

For evaluation of reaction mechanisms, apparent kinetic isotope effects (AKIE) 

for each element (carbon and hydrogen) were calculated according to Elsner et 

al. (14) using the following equation: 

      (eq. 7) 

where z is the number of atoms that are in intramolecular competition for reactive 

positions, and ε reactive is the calculated position-specific enrichment factor from 

approximation 5. For aerobic and anaerobic hexane and octane degradation, all 

carbon and hydrogen atoms within the reactive positions can be expected to be 

in intramolecular competition. Hence, z = 2 for carbon and z = 6 for hydrogen 

was assumed for the terminal monohydroxylation of hexane and octane as well 

as z = 2 for carbon and z = 6 for hydrogen for the subterminal fumarate addition 

of hexane and octane. The uncertainty of AKIE was estimated by error 

propagation: 

     (eq. 8) 

For comparison of reaction mechanisms for hexane and octane, a two-

dimensional isotopic approach was carried out. For this purpose, a reactive-

position specific value (Λ reactive) was obtained that corresponds to the slope of 

the line from the plot of reactive-position specific changes in hydrogen isotope 

ratios (∆δ 2Hreactive) versus reactive-position specific changes in carbon isotope 

bulk
bulk
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∂
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ratios (∆δ 13Creactive), using the following approximation based on reactive-position 

specific carbon and hydrogen isotope enrichment factors (εC
reactive, ε

H
reactive).  

  
reactive

C

reactive
H

reactive ε
ε

≈Λ        (eq. 9) 

This value (Λ reactive) in essence is the isotopic fingerprint of carbon and hydrogen 

fractionation during alkane biodegradation, and is valuable for comparing the 

biochemistry of n-alkane activation by alkylsuccinate synthase to the activating 

mechanism of other glycyl radical enzymes, or to aerobic aliphatic hydrocarbon 

degradation. The uncertainty of Λ reactive was estimated by error propagation: 
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=Λ reactive
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C
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H

reactive
H

reactive
reactive oferroroferroroferror (eq. 10) 

 

Results 

 

Carbon Isotope Fractionation 

Enrichment factors for carbon isotope fractionation were calculated using 

the Rayleigh equation, and results are summarized in Table 1. Hexane and 

octane degradation both showed marked carbon isotope fractionation with ε bulk 

values of -5.5 ± 0.2‰ and -5.2 ± 0.4‰, respectively, but were not significantly 

different from one another. AKIEc values for hexane and octane biodegradation 

by D. alkanexedens were 1.034 ± 0.001 and 1.043 ± 0.004, respectively. The 

large isotope effect here suggests that the C-H bond cleavage is not significant. 

Isotope fractionation of carbon was not detected in sterile abiotic controls (data 
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not shown) and demonstrates that the changes in isotope ratios observed for 

biotic microcosms are clearly based on biological processes. The Rayleigh 

equation provided a significant linear fit for the carbon isotope fractionation 

observed during hexane (N = 6, R2 = 0.95, P value < 0.05) and octane (N = 6, R2 

= 0.99, P value < 0.01) biodegradation (Figure 1). Each time point is presented 

as the grand mean of three replicates, each injected three times, for a total of 

nine measurements. 

 Carbon isotope fractionation for P. putida GPo1 was investigated for 

aerobic hexane biodegradation and the bulk enrichment factor (ε bulk) was -4.3 ± 

0.3 ‰, resulting in an AKIEC
 value of 1.027 ± 0.002 (Table 1). Bouchard et al. (5) 

previously investigated the carbon isotope fractionation for lower molecular 

weight aliphatic alkanes, and their data has also been provided in Table 1 as a 

reference. While the bulk isotope enrichment factor calculated for Pseudomonas 

putida GPo1 was higher than most of those obtained from the enrichment culture 

used by Bouchard et al., the AKIE values are very similar to the values from this 

study and might suggest that the microbial enrichment culture used in their study 

utilizes a similar mechanism for alkane degradation as strain GPo1, known to 

degrade n-alkanes with alkane hydroxylases. 

 

Hydrogen Isotope Fractionation 

Hydrogen isotopic enrichment was calculated according to the Rayleigh 

equation. Hydrogen ε bulk values for anaerobic hexane and octane degradation by 

D. alkanexedens were -43.1±6.3‰, and -27.8 ± 4.2‰, respectively (Table 1) and 
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were significantly different from one another. The observed difference in ε bulk for 

hexane and octane might suggest that the extent of hydrogen isotope 

fractionation increases for aliphatic hydrocarbons as chain length decreases, as 

previously shown by others (29). The AKIEH for anaerobic hexane and octane 

degradation was 2.526 ± 0.564 and 1.999 ± 0.302 respectively, and is 

comparable to the AKIEH value previously observed for anaerobic toluene 

degradation initiated by fumarate addition (65).  

It has been noted that hydrogen isotope fractionation is much stronger 

under anoxic conditions when compared to the equivalent aerobic degradation 

(17, 26, 47). To highlight the differences in hydrogen isotope fractionation 

between aerobic and anaerobic growth conditions, we grew cultures of P. putida 

strain GPo1 under oxic conditions with hexane as the sole energy and carbon 

source. Isotope fractionation for carbon and hydrogen can be found in Table 1. 

Hydrogen isotope fractionation observed for P. putida GPo1 was below detection 

limits. The concerted reaction mechanism proposed for alkane hydroxylases 

might mask hydrogen isotope effects and make isotope fractionation difficult to 

detect (71). It is also possible that hydrogen abstraction is not the rate-limiting 

step in aerobic alkane degradation and therefore significant isotope effects would 

not be expected (70, 71).  

 

Two-dimensional Isotope Fractionation Analysis (TDIFA) 

 If bioavailability plays a role in determining achievable rates of aliphatic 

hydrocarbon degradation, it becomes important to quantify the extent of isotope 
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fractionation for carbon and hydrogen in the parent substrate. This approach 

would improve the evaluation of isotope effects for degradation pathways that 

may have been masked by abiotic partitioning behavior (17). The results from the 

TDIFA approach can be quantified using equation nine. The Λ reactive value for 

hexane and octane degradation by Desulfoglaeba alkanexedens under sulfate-

reducing conditions was 9.12 ± 1.67 and 6.02 ± 1.37, respectively (Table 1). 

Since carbon isotope effects for the two substrates were not statistically different, 

the variability in the observed Λ reactive value must be due to the extent of 

hydrogen isotope fractionation or other factors. A Λ reactive value for P. putida 

GPo1 could not be calculated due to the lack of detectable hydrogen isotope 

fractionation. However, based on the error associated with the measurements 

and error propagation techniques, we can predict that the Λ reactive in this 

organism would be < 2.  

Observed Λ reactive values for benzylsuccinate synthase (bss) containing 

organisms exhibited a wide range of variability. This has been interpreted to 

mean that the reaction mechanism or enzyme involved is slightly variable with 

respect to substrate binding (the enzyme on-rate) or that different reaction 

mechanisms exist for the primary step of the degradation pathway (26, 65). This 

may also be the case for anaerobic n-alkane biodegradation, as the hydrogen 

variability observed in this study for anaerobic hexane and octane decay 

supports this assumption. In addition, different substrate binding affinities or 

different degrees of hydrogen tunneling may result in different Λ reactive values. 

Based on the present knowledge, Λ reactive values less than two could be 
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diagnostic of aerobic n-alkane degradation processes and values greater than six 

could be indicative of anaerobic n-alkane biodegradation. Therefore, TDIFA 

might be a valuable tool for assessing in situ microbial degradation processes 

involving aliphatic hydrocarbons.   

 

Discussion 

 

Carbon isotope fractionation 

 Desulfoglaeba alkanexedens uses a fumarate-addition mechanism for the 

anaerobic activation of aliphatic alkanes (12, 32) and this pathway is initiated by 

the glycyl-radical containing enzyme alkylsuccinate synthase (9). Therefore, we 

compared isotopic enrichment factors calculated here to those reported in the 

literature for other glycyl-radical containing enzymes. Vieth and Wilkes (64) 

previously described a slightly lower carbon isotope enrichment factor for the 

nitrate-reducing, n-hexane degrading bacterium HxN1, with ε bulk values of -2.3 ‰ 

quantified from laboratory incubations. Meckenstock et al. (41) first reported 

isotope enrichment factors for aromatic hydrocarbon degradation by the enzyme 

benzylsuccinate synthase (Bss), and several studies have subsequently 

published enrichment factors for the paralogous protein alkylsuccinate synthase 

(30, 39, 53). For comparing different benzyl- and alkylsuccinate reactions, we 

used the bulk enrichment factors (ε bulk) to calculate AKIEs, normalized for 

isotopic atoms in non-reactive positions and intramolecular isotopic competition. 

The AKIEs from data reported by Morasch et al. (42, 43) and Meckenstock et al. 
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(41) revealed that Bss apparent kinetic isotope effects for toluene, xylene, and 

cresol were relatively close and ranged from 1.011 for Desulfobacterium 

cetonicum degrading p-cresol to a maximum of 1.028 for the same organism 

degrading m-cresol. Herrmann et al. (26) also reported AKIEC values for the 

same substrates between 1.006 and 1.046, the latter an usually high value seen 

during the co-metabolic transformation of toluene by a sulfate-reducing 

consortium. The AKIEC for anaerobic toluene degradation has previously been 

investigated under a variety of electron-accepting conditions (23, 42, 65) and 

found to be within a similar order of magnitude for all conditions. This can be 

taken to mean that the AKIEC for toluene is characteristic of the radical cleavage 

of a carbon-hydrogen bond by enzymes employing a glycyl radical mechanism to 

activate hydrocarbons. Toluene degradation represents the most-characterized 

anaerobic hydrocarbon degradation process with regard to isotopic fractionation 

and biochemical characterization to date, and may cover the range of variability 

for carbon isotope effects related to C-H bond cleavage for aromatic compounds. 

Several studies have quantified biologically-mediated carbon isotope 

fractionation of low molecular weight n-alkanes, activated by fumarate-addition, 

including propane, butane, and pentane (30, 53). Both studies identified 

metabolites associated with alkane activation via the fumarate-addition 

mechanism, and Kniemeyer et al. (30) noted a bulk enrichment factor (ε bulk) of -

5.9 ‰ during propane biodegradation by an enrichment culture, and the 

unprecedented observation of terminal fumarate addition to the n-alkane chain. 

Savage et al. demonstrated n-propane δ13C enrichment of 6.7 ‰ and also 
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detected fumarate-addition products in an enrichment culture originating from a 

sulfidogenic spring (53).  

 

Lack of detectable hydrogen isotope effects during aerobic n-alkane 

biodegradation 

 The lack of a detectable hydrogen isotope effect during aerobic hexane 

degradation would at first seem to contradict the literature with regard to the 

present knowledge about the mechanism of alkane monooxygenases (51). 

However, there is still no consensus on the mechanism of alkane ω-

monooxygenases, and different hydrogen isotope effects and rates have been 

observed to be dependent upon the reacting substrate (2, 19). Knowledge about 

hydrogen isotopic fractionation comes from mechanistic studies of particulate and 

soluble methane di-iron, non-heme monooxygenases (pMMO and sMMO, 

respectively), mainly the ‘Bath MMO system’ from Methylococcus capsulatus, 

and the heme-containing cytochrome P450 (61). The majority of cases during 

aerobic alkane oxidation have yielded significant hydrogen isotope effects, 

however it is important to distinguish between intramolecular and intermolecular 

isotope effects before coming to a conclusion about our study. Intramolecular 

isotope effects are those only expressed during the bond cleavage process, while 

intermolecular isotope effects reflect the whole mechanism including rate-

determining steps before the actual bond cleavage (44). There are several 

studies involving aerobic oxidation of n-alkanes and other hydrocarbons that 

have observed substantial hydrogen intramolecular isotope effects, and low to 
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non-existent intermolecular isotope effects (34, 48, 54). With our experimental 

setup, we can measure only intermolecular isotope effects. Therefore, since a 

significant carbon isotope effect was observed during aerobic alkane degradation 

with the subsequent lack of a hydrogen isotope effect, we assume that oxygen 

activation or binding of the activated oxygen species with the enzyme/substrate 

complex led to greater than expected carbon isotope fractionation. Significant 

isotope fractionation is only observed during a non-reversible, rate-determining 

step of an enzymatic reaction. In the case of pMMO, it is known that oxygen 

activation and not hydrogen abstraction is the rate-determining step during 

propane degradation (2). Therefore, we hypothesize that hydrogen abstraction is 

not the rate-limiting step during hexane degradation by Pseudomonas putida 

GPo1, and suggest that the rate-limiting step (oxygen activation or 

enzyme/substrate binding) contributes to the overall levels of carbon isotope 

fractionation observed in the course of this study. 

 

Applications to Field Data 

 To investigate how our isotopic enrichment factors performed in a field 

scenario, we analyzed a data set consisting of carbon and hydrogen isotope 

composition of n-alkanes undergoing in situ biodegradation in a reservoir (57). In 

this case, oil degradation indicators such as the relative n-alkane abundance, the 

pristine/phytane ratios, the asphaltene percentages, changes in API gravity, 

along with other parameters of the crude oil were measured. API gravity is a 

measure defined by the American Petroleum Institute (API) and the National 



 
 

 

Institute of Standards and Technology (NIST) used to describe the relative 

density of petroleum liquids. Carbon (

of the whole oil and different 

an attempt to measure the level of biodegradation. Sun 

maximum increase in δ 13C

to 36.9‰ for C22, and concluded that isotopic signatures could be used to assess 

different levels of biodegradation. With respect to our reference experiments, the 

pronounced hydrogen isotope fractionation suggests that anaerobic processes 

govern the development of biodegradation in this reservoir.

biodegradation for an observation point (x) in terms of a starting point in time or 

space (0) can be calculated by

.

Required data are the initial isotope ratio of an individual alkane at a starting 

point in time or space (δ0) and the isotope ratio of the remaining individual alkane 

at a temporal or spatial observation point (

given by the carbon isotope signature at location ‘IS005’ 

of individual alkanes at the more degraded location ‘IS006‘ were chosen as 

values (57). 

We first calculated the 

alkanexedens alkane biodegradation using equation 7 and used these 

values to calculate ε bulk values according to approxi

(C14 – C29) investigated in the case study of Sun 
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Institute of Standards and Technology (NIST) used to describe the relative 

density of petroleum liquids. Carbon (δ 13C) and hydrogen (δ 2H) isotopic patterns 

of the whole oil and different n-alkane ranged from 14 to 29 carbons were used in 

an attempt to measure the level of biodegradation. Sun et al. (57) observed a 

C-values of up to 3.8‰ for C17 and in δ 2H-values

, and concluded that isotopic signatures could be used to assess 

different levels of biodegradation. With respect to our reference experiments, the 

tope fractionation suggests that anaerobic processes 

govern the development of biodegradation in this reservoir. The percent 

biodegradation for an observation point (x) in terms of a starting point in time or 

space (0) can be calculated by 

     (eq. 11)

Required data are the initial isotope ratio of an individual alkane at a starting 

) and the isotope ratio of the remaining individual alkane 

at a temporal or spatial observation point (δ x). The initial isotope ratio (

given by the carbon isotope signature at location ‘IS005’ (57). The isotope ratios 

of individual alkanes at the more degraded location ‘IS006‘ were chosen as 

We first calculated the ε reactive values from the AKIE obtained from 

alkane biodegradation using equation 7 and used these 

values according to approximation 5 for the n-

) investigated in the case study of Sun et al. (57) (Fig. 3). Bulk 

Institute of Standards and Technology (NIST) used to describe the relative 

H) isotopic patterns 

alkane ranged from 14 to 29 carbons were used in 

observed a 

values of up 

, and concluded that isotopic signatures could be used to assess 

different levels of biodegradation. With respect to our reference experiments, the 

tope fractionation suggests that anaerobic processes 

The percent 

biodegradation for an observation point (x) in terms of a starting point in time or 

(eq. 11) 

Required data are the initial isotope ratio of an individual alkane at a starting 

) and the isotope ratio of the remaining individual alkane 

). The initial isotope ratio (δ0) was 

. The isotope ratios 

of individual alkanes at the more degraded location ‘IS006‘ were chosen as δ x 

values from the AKIE obtained from D. 

alkane biodegradation using equation 7 and used these ε reactive 

-alkanes 

(Fig. 3). Bulk 
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enrichment factors are valid for specific substrates and chain lengths only, and 

this provided us with the information necessary to calculate in situ biodegradation 

of individual alkanes. We assumed that anaerobic alkane degradation was 

occurring via the fumarate-addition pathway within the reservoir investigated by 

Sun et al. (57). The results from the biodegradation calculations using equation 

10 are illustrated in Figure 3. For individual compounds, we calculated a 

percentage of biodegradation of up to 60-68% for specific alkanes such as n-

pentadecane, while taking the variability of isotope fractionation of our reference 

experiments into account. The lowest degradation was calculated for the n-C29 

and was between 13% and 16%. We assume that rate limitations in the reservoir 

will be similar to rate limitations experienced during the in vitro degradation 

experiments for medium chain-length alkanes although lower bioavailability for 

higher alkanes was not taken into account (69); thus the numbers reflect the 

lower boundary for the extent of biodegradation. Although the error of overall 

calculations can be large and lead to a rough estimate of biodegradation in a 

particular system, we calculated that total alkane loss in the case study was 

between 41-48 ± 18.5 %. Predominately non-degraded oil from the source 

characterized by Sun et al. (57) had relative n-alkane percentages ranging from 

77% in a site with little to no biodegradation to 45% in the most heavily degraded 

zones of this reservoir. This represents a loss of 32% of the total alkanes in the 

system, quantified by GC-MS. Our estimate of alkane loss ranging from 41-48 ± 

18.5 % is in good accordance with alkane loss quantified by GC-MS (32%). The 

benefit of using isotope data and enrichment factors in the context of the 
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Rayleigh model is that baseline levels of expected biodegradation can be 

identified for individual n-alkanes and can be separated from compositional 

changes of oils related to abiotic loss mechanisms. 

 During thorough interrogation of oil reservoirs, CSIA could be part of a 

more extensive site characterization using multiple indicators of hydrocarbon 

biodegradation such a metabolite profiling, molecular biology tools and cultivation 

efforts. Once an appropriate isotope enrichment factor for the compound of 

concern has been developed, it can be applied to other molecules in the 

compound class, as demonstrated for alkanes in the case study above. The 

basis of isotopic studies in petroliferous formations rests on the stability of AKIE 

values for a given activation mechanism such as fumarate addition to the 

subterminal carbon of n-alkanes. As illustrated in figure 3, the ε bulk value 

decreases with increasing alkane chain length but the AKIEc value is constant 

over the entire chain length range, from C6 to C29. It is therefore important to 

develop bulk enrichment factors from biochemically well-characterized strains in 

order to establish a sound basis for the extension of calculated isotopic 

enrichment factors to the environment.   
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Table 1.   Comparison of ε bulk and AKIE for carbon and hydrogen stable isotope fractionation during aerobic and 
anaerobic biodegradation from this study, and to the literature 

 
Substrate Condition Culture εC

bulk (‰) AKIEC εH
bulk (‰) AKIEH Λreactive Mechanism Reference

n -hexane Sulfate-reducing D. alkanexedens -5.5 ± 0.2 1.034 ± 0.001 -43.1 ± 6.3 2.526 ± 0.564 9.12 ± 1.67 fumarate addition this study

n -octane Sulfate-reducing D. alkanexedens -5.2 ± 0.4 1.043 ± 0.004 -27.8 ± 4.2 1.999 ± 0.302 6.02 ± 1.37 fumarate addition this study

n -hexane Aerobic P. putida -4.3 ± 0.3 1.027 ± 0.002 not detected n.a. < 2 alkane hydroxylase this study

n -hexane Nitrate-reducing strain HxN1 -2.3
*

n.a. n.m. n.a. n.a. fumarate addition Vieth and Wilkes, 2006

n- butane Aerobic enrichment -2.4 ± 1.1 n.a. n.m. n.a. n.a. unknown Kinnaman et al., 2007

n- propane Aerobic enrichment -4.9 ± 1.1 n.a. -15.1 ± 1.9 n.a. n.a. unknown Kinnaman et al., 2007

n- ethane Aerobic enrichment -9.3 ± 1.1 n.a. -61.9 ± 8.3 n.a. n.a. unknown Kinnaman et al., 2007

n -decane Unsaturated Aerobic enrichment -0.2 ± 0.1 1.002 n.m. n.a. n.a. unknown Bouchard et al ., 2008

n- octane Unsaturated Aerobic enrichment -0.9 ± 0.1 1.007 n.m. n.a. n.a. unknown Bouchard et al ., 2008

n- heptane Unsaturated Aerobic enrichment -1.4 ± 0.1 1.010 n.m. n.a. n.a. unknown Bouchard et al ., 2008

n- hexane Unsaturated Aerobic enrichment -2.3 ± 0.6 1.013 n.m. n.a. n.a. unknown Bouchard et al ., 2008

n- pentane Unsaturated Aerobic enrichment -2.4 ± 0.2 n.a. n.m. n.a. n.a. unknown Bouchard et al ., 2008

n- butane Unsaturated Aerobic enrichment -5.6 ± 0.1 1.022 n.m. n.a. n.a. unknown Bouchard et al ., 2008

n- propane Unsaturated Aerobic enrichment -10.8 ± 0.7 1.033 n.m. n.a. n.a. unknown Bouchard et al ., 2008

n.a.  not applicable

n.m.  not measured
*
Error of εbulk value unknown.
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Figure 1.  Rayleigh plots for carbon isotope fractionation of hexane and octane 
biodegradation by Desulfoglaeba alkanexedens (strain ALDC). The slope of the 
line represents the enrichment factor (ε bulk), and the dotted lines show 95% 
confidence intervals of these data. 
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Figure 2.  Two-dimensional ∆ δ 2H and ∆ δ 13C plot of anaerobic hexane 
degradation under sulfate-reducing conditions by Desulfoglaeba alkanexedens 
and aerobic hexane degradation by Pseudomonas putida strain GPo1. The 
dotted lines indicate 95% confidence intervals of these data. 
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Figure 3.  Calculated biodegradation and analysis of isotope data from Sun et al. 
(54). Upper and lower ε bulk values for carbon isotope fractionation were 
calculated using the n-hexane and n-octane AKIE values for anaerobic alkane 
degradation by Desulfoglaeba alkanexedens, respectively. The calculated ε bulk 
values given as green lines are represented on the right y-axis. The left y-axis 
depicts percent biodegradation for alkanes with carbon chain length values on 
the x-axis. The dashed red line represents a linear regression line for the 
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CHAPTER 2 

 

Characterization of the Metabolism of Desulfoglaeba alkanexedens: A 

Differential Proteomics Study 

 

Abstract 

 

A draft genome was obtained for Desulfoglaeba alkanexedens strain 

ALDCT and 3,168,086 base pairs encoding a total of 2,856 protein open reading 

frames (ORFs) were identified. The G+C content of the sequenced genome is 

60.12%. This information was used to conduct a differential proteomics study of 

the strain grown separately on butyrate and n-decane in order to characterize the 

physiology of the organism with particular regard to anaerobic n-alkane 

biodegradation. Shotgun proteomics using nano high performance liquid 

chromatography coupled to an LTQ-Orbitrap mass spectrometer revealed 97 and 

75 proteins expressed exclusively under the alkane- and butyrate-growth 

condition, respectively. Another 217 proteins were common to both growth 

conditions.  The analysis revealed that alkylsuccinate synthase and the proteins 

associated with the arginine biosynthesis pathway were only expressed in the 

presence of n-alkanes. Higher rates of sulfate reduction were observed during n-

decane mineralization by the bacterium in the presence of citrulline, ornithine, 

aspartate, and arginine, relative to the amino acid unamended control. In 

butyrate-grown cells, butyrate is likely activated to its CoA thioester using acetyl-
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CoA transferase and subsequently metabolized by a typical complement of β-

oxidation proteins. Proteins comprising the flagellar basal body and motor were 

also differentially detected in butyrate-grown cells. Proteins common to both 

growth conditions included the sulfate-reducing metabolic machinery, the β-

oxidation components, and essential cell-housekeeping complexes including 

ATP synthases, H+/Na+-pumping Rnf-type complexes, and heterodisulfide 

reductases.  D. alkanexedens expresses more proteins related to oxygen stress 

when grown on decane compared to butyrate, apparently reflecting the oxygen-

sensitive nature of glycyl-radical enzymes necessary for hydrocarbon 

metabolism. For example, rubrerythrin and desulfoferredoxin were detected only 

in alkane-grown cells, and are predicted to have peroxidase and superoxide 

reductase activities respectively.  The combination of shotgun proteomics 

coupled with draft genome sequence analysis provided greater insight on the 

general physiology and regulatory controls of in situ metabolic activity in this 

model n-alkane-using, sulfate-reducing bacterium.   

 

Introduction 

 

Desulfoglaeba alkanexedens strain ALDCT is a model sulfate-reducing 

bacterium isolated from an oily-wastewater storage facility (14). This organism 

was the primary member of an enriched bacterial consortium capable of 

complete n-alkane oxidation under sulfate-reducing conditions, and the first 

shown to use the fumarate-addition mechanism of alkane activation (30). This 
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process has also been associated with the anaerobic activation of many 

hydrocarbons including a variety of aliphatic, alicyclic, and alkylated aromatic 

compounds (see (84) for a review). Pure cultures of sulfate-reducing bacteria 

(SRB) can mineralize hydrocarbons in the presence of sulfate, but have also 

been implicated in the syntrophic bioconversion of petroleum constituents to 

methane (21, 84, 89). Indeed, SRB are thought to be key organisms in anaerobic 

hydrocarbon degradation in subsurface petroleum reservoirs and contaminated 

aquifers (2, 24, 26, 33, 46, 48, 59, 77). Sulfate-reducing prokaryotes also likely 

play a role in biocorrosion of oil pipelines and related infrastructure (17, 72, 75). 

Much of the molecular biology of n-alkane oxidation has come from the analysis 

of bacterial isolates and enrichments grown on straight-chain hydrocarbons (10, 

22).  In general, the subterminal carbon of the alkane is added across the double 

bond of fumarate to yield a succinic acid derivative. The resulting metabolite then 

undergoes carbon-skeleton rearrangement and decarboxylation by an unknown 

mechanism (15, 86). The resulting branched fatty acid is degraded via β-

oxidation. Using stable isotopes, the co-metabolite fumarate was shown to be 

regenerated during the anaerobic degradation pathway for hexane (15). The 

exact mechanism for fumarate regeneration is currently unknown, but proposed 

to be similar to the reversible conversion of methylmalonyl-CoA to succinyl-CoA 

((86), Callaghan et al., in press).  Therefore, an improved understanding of 

anaerobic hydrocarbon metabolism, and the physiology of the requisite 

microorganisms, will lead to greater insights into the factors controlling this 

important process and on the cycling of carbon in anaerobic environments 
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Sulfate-reducing prokaryotes have long been associated with oil field 

systems (5), but recognition of their capacity for hydrocarbon metabolism has 

only been relatively recent (85). The metabolic activity of these and other 

bacteria generally serve to decrease oil quality and amplify the cost of 

hydrocarbon extraction and refining (26). However, the same metabolic 

processes also have beneficial biotechnological potential for the remediation of 

spilt hydrocarbons.  However, relatively little is known about the organisms 

responsible for these important environmental processes. Desulfoglaeba 

alkanexedens ALDCT is only the second n-alkane-degrading SRB that has been 

sequenced.  Desulfatibacillum alkenivorans AK-01 also activates n-alkanes by 

fumarate-addition and its genome sequence has only recently been reported 

(Callaghan et al., in press). Desulfococcus oleovorans strain Hxd3 activates n-

alkanes by an alternate mechanism (1, 10, 68) and its genome sequence will be 

subsequently reported.  Insights provided by the genomic sequence of model 

strains help underpin the proteomic investigation presented herein. 

 

Materials and Methods 

 

Microorganisms and Media Preparation.  Desulfoglaeba alkanexedens 

was grown in 20 L carboys containing a reduced marine mineral salts medium 

(83) and either n-decane (as an overlay) or butyrate (10mM) as the sole carbon 

and energy source.  Specifically, NaCl (200g), MgCl▪6 H20 (30g), CaCl2▪2 H20 

(1.5g), NaSO4 (35g), NH4Cl (2.5g), KH2PO4, and KCl (5.0g) were added to an 
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acid-washed carboy and allowed to dissolve overnight in nanopure water. Next, 

100mL of a trace metal solution (76) was added and the medium was adjusted to 

a pH of 7.2-7.4. The media was autoclaved for 60 min, and then sparged with N2 

for 3 h and N2/CO2 for 5 h during cooling. Once cool, 32g of autoclaved NaHCO3 

was aseptically added to the medium, the carboys were sealed with a rubber 

stopper (modified to contain a Balch tube and closure for ease of sampling) and 

held in place with wire. The medium in each carboy was reduced with 180mL of a 

cysteine-HCl/Na2S stock solution containing 12.5g/L of each compound. A filter-

sterilized vitamin solution (100mL, (76)) was added to each carboy. Lastly, 2 L of 

butyrate- or decane-grown cell suspensions that had been previously cultivated 

separately on the two substrates for at least six generations were inoculated into 

each carboy. For the hydrocarbon preparation, 20mL of autoclaved neat n-

decane was added after inoculation. Cultures were incubated for six months at 

30°C in the dark.  

The cultures were harvested using a Millipore™ Pellicon 2 tangential flow 

filtration system. The 0.45 µm Pellicon 2 (Millipore) cassettes measured 21cm x 

17.8cm x 1.5cm (l x w x h). A coarse (C-type) screen and HVMP membrane were 

used as described at manufacturer’s website 

(www.millipore.com/catalogue/module/c7840#1). Prior to culture harvesting, all 

tubes and membrane filters were reduced with an anaerobic flush solution 

consisting of anoxic 50mM phosphate buffer (3.05g KHPO4 and 4.91g KH2PO4 

per L, pH 7.3) containing 0.5% sodium thioglycollate.  The concentrated cell 

suspension was transferred to an anoxic 1L Schott bottle. The culture was split 
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into 25mL aliquots while inside an anaerobic chamber and stored in 30mL Oak 

Ridge centrifuge tubes at 4°C on dry ice for shipping , and until further analysis at 

the UFZ in Leipzig, Germany. 

 

Protein Extraction.  Concentrated biomass from each culture (100mL) was 

centrifuged for 15 minutes to form a cell pellet.  The supernatant was discarded 

and 100µL of equilibration buffer containing trypsin was added to the pellet.  The 

cells were disrupted using ultrasonication in a 37°C wat er bath for five minutes. 

The cell lysate/trypsin mixture was then incubated overnight at 37°C. After 

digestion, the mixture was centrifuged for 10 minutes. The supernatant was 

carefully removed and dried using a vacuum centrifuge before storage at -20°C. 

Before mass spectral analysis, the peptides were redissolved in 30µL of 0.1% 

formic acid and purified two times using Zip-Tip purification and desalting 

according to manufacturer’s directions (Millipore, Billerica, MA).   

 

Mass Spectrometry.  The reconstituted peptides were injected by 

autosampler and concentrated on a trapping column (nanoAcquity UPLC column, 

C18, 180 µm x 2 cm x 5 µm) with a mobile phase consisting of 0.1% formic acid at 

15 µl/min. After 8 min, the peptides were eluted onto a separation column 

(nanoAcquity UPLC column, C18, 75 µm x 25 cm, 1.75 µm). Chromatography 

was performed with a 0.1% formic acid/acetonitrile mobile phase, using a 

gradient of either 6 or 8 – 40% acetonitrile over a 185 min elution time using a 

nano-HPLC system (nanoAcquity, Waters, Milford, MA, USA) coupled to an LTQ-
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Orbitrap mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). 

Continuous scanning of eluted peptide ions was carried out between 300 –

 2000 Da, automatically switching to MS/MS collision induced dissociation mode 

on ions exceeding an intensity of 5000 Da.  For MS/MS collision induced 

dissociation measurements, dynamic precursor exclusion was enabled for 3 

minutes.  

 

Amino Acid Amendments.  Desulfoglaeba alkanexedens was grown in 

60mL serum bottles containing anaerobic mineral salts, bicarbonate-buffered 

media as previously described (14). Vitamin and mineral solutions (10mL per liter 

(76)) were added. Medium pH was adjusted to 7.2. Bottles were closed with butyl 

rubber stoppers and aluminum crimp seals, and contained a N2/CO2 (80:20) 

headspace. Arginine-family amino acids (arginine, citrulline, ornithine, aspartate) 

were filter sterilized and added to an initial concentration of 1mM.  Ammonium 

chloride (NH4Cl) was excluded from experimental replicates and amended to the 

amino acid-free control at a concentration of 0.25g/L. Sulfate concentrations in 

the medium were periodically monitored by ion chromatography on a Dionex™ 

ICS-3000 running an AS-4A column and carbonate/bicarbonate eluent as 

previously described (30). 

 

Data Analysis.  Two replicates of ALDCT were analyzed for each growth 

substrate. A list of identified ORFs from the Proteome Discover™ results for each 

replicate were combined in Matlab (Mathworks, Version R2010b), and only those 
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ORFs identified in both replicates were used for further analysis. Therefore, 

screening took place in MASCOT and during post hoc analysis to create a 

conservative list of differentially expressed proteins. The identified ORF lists from 

butyrate and n-decane were then analyzed to create a Boolean list of proteins 

present with each substrate, or both respectively.  

 

 

Results 

 

Genome Analysis 

A draft genome sequence was obtained for strain ALDCT with predicted 

9X coverage. Gap closing was not undertaken, and the genome is currently 

unclosed with a total of 42 contigs deposited with NCBI under the accession 

numbers XXXX-XXXX. General genome features are summarized in Table 1. 

The genome currently consists of 3,168,086 base pairs encoding a total of 2,856 

proteins. The G+C content of the sequenced genome is 60.12 mol %, a value 

higher than previously reported for this organism (14), and among the highest 

seen for previously described alkane-degrading SRB which range from 40.9 mol 

% in strain BuS5 (29) to 54.5 mol % in strain AK-01 (Callaghan et al, in press).  

The organism does not contain any plasmids or mobile genetic elements.  The 

Kyoto Encyclopedia of Genes and Genomes (KEGG) categories for the identified 

open reading frames in Desulfoglaeba can be found in Figure 1. Overall, 58% of 

the 2,856 identified proteins can be assigned to a KEGG category. Roughly 1200 
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proteins are hypothetical and cannot be attributed to particular cellular functions. 

With the limited number of genes and restricted nutritional capabilities, the 

genome size of strain ALDCT (at 3.17 Mbp) is intermediate between fatty acid-

degrading specialists like Syntrophus aciditrophicus, (at 2.81 Mbp), and SRB 

generalist such as Desulfovibrio vulgaris (3.66 Mbp).  Strain ALDCT can be 

considered a specialist, as general metabolic capabilities predicted by the 

genome are consistent with the narrow substrate range previously observed (14). 

Specifically, the cell metabolizes pyruvate, butyrate, hexanoic acid, 4-

methyoctanoic acid, and C6-C12 n-alkanes, using sulfate or thiosulfate as an 

electron acceptor under mesophilic conditions (14). Desulfoglaeba cannot grow 

on acetate, succinate, lactate, citrate, glucose, fructose, or benzoate. Strain 

ALDCT was the first known sulfate-reducing bacterium capable of metabolizing n-

alkanes syntrophically in the presence of the H2/formate-utilizing 

Methanospirillum hungatei JF-1 (74). Although the molecular physiology of 

syntrophy is in the early stages of characterization, it seems that a unique Rnf-

type complex, membrane-bound Fe-S region, and menaquinone are necessary 

for reverse electron transport (41, 67), and these features were detected in the 

Desulfoglaeba genome. Based on 16S homology, strain ALDCT is closely related 

to a branch of organisms relying heavily on syntrophy as a major mode of 

existence (14). Since fatty-acid metabolism via β-oxidation represents a major life 

strategy for ALDCT, it was expected that genes coding for these biochemical 

functions would be prevalent in the genome.  Indeed, the genome contains all 

genes necessary for saturated fatty acid metabolism including four acyl-CoA 
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dehydrogenases; other related genes such as a thiolase(II)-type acetyl-CoA 

acetyltransferases, enoyl-Co hydratases, and AMP-dependent CoA ligases also 

seem to be present as multiple copies. The genome also contains one 3-

hydroxyacyl-CoA dehydrogenase, but evidence for a 4-hydroxyacyl-CoA 

dehydrogenase could not be found in the current draft-sequence available.   

A general feature of completely oxidizing sulfate-reducing bacteria is a 

mechanism for the oxidation of acetyl-CoA (52).  Two common mechanisms exist 

for the oxidation of acetyl-CoA by SRB, either a reversal of the Wood-Ljungdahl 

pathway first observed in homoacetogenic bacteria (64) or via the TCA cycle.  

Citric acid cycle genes detected in Desulfoglaeba include those encoding a Si-

type citrate synthase, aconitate hydratase, isocitrate dehydrogenase, 2-

oxoglutarate dehydrogenase, succinate dehydrogenase, fumarate hydratase, 

malate dehydrogenase, and citrate lyase. The only apparent gene lacking for a 

complete TCA cycle seems to be succinyl-CoA synthetase, however 2-

oxoglutarate synthase is present and therefore provides a route for succinyl-CoA 

generation from 2-oxoglutarate (8). It is also possible that succinyl-CoA is 

generated by CoA transfer from acetyl-CoA in a Desulfobacter-type process (65). 

In addition, phosphoenolpyruvate carboxylase and pyruvate:ferredoxin 

oxidoreductase were detected. The latter enzyme catalyzes the reductive 

carboxylation of acetyl-CoA to form pyruvate (56). The only gene apparently 

missing for an operative, traditional reductive TCA cycle is ATP citrate lyase. 

With the exception of Desulfobacter species, the absence of 2-oxoglutarate 
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dehydrogenase is common among SRB capable of complete carbon oxidation 

(52) 

A key enzyme necessary for the Wood-Ljungdahl pathway is the 

bifunctional carbon monoxide (CO) dehydrogenase/acetyl-CoA synthetase 

(CODH/ACS). This protein complex uses ferredoxin as the electron donor to 

synthesize acetyl-CoA from enzyme bound CO and CoA (55), but the gene 

coding for this protein was not detected in strain ALDCT. However, a 

monofunctional nickel carbon monoxide dehydrogenase is present.  The 

monofunctional CODH physiologically functions in the direction of CO oxidation, 

but does not catalyze the production of acetyl-CoA from carbon dioxide (55).  

Overall, a large number of genes for the Eastern branch of the Wood-Ljungdahl 

pathway were detected (54), including methylenetetrahydrofolate dehydrogenase 

(NADP+) / methenyltetrahydrofolate cyclohydrolase, and the aforementioned 

pyruvate:ferredoxin oxidoreductase. Physiologically, the Eastern branch is 

involved in folate-dependent metabolism of C1-compounds and is 

phylogenetically conserved (54).  It has been widely observed that completely-

oxidizing SRB have a limited capacity to use acetate as a carbon source, and 

this is also the case for strain ALDCT (14), however the reason behind limited 

acetate utilization is not well understood (52).  Taken together, the lack of a 

bifunctional carbon monoxide (CO) dehydrogenase/acetyl-CoA synthetase 

(CODH/ACS) and the observed inability of strain ALDCT to grow 

chemolithoautotrophically on CO2 and H2 suggest that terminal acetate oxidation 
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does not occur via a reversal of the acetogenic Wood-Ljungdahl pathway but 

rather via a modified citric acid cycle similar to Desulfobacter postgatei (52, 65).  

It was previously asserted that n-alkanes could not be metabolized in the 

absence of molecular oxygen, but this assertion is now known to be incorrect. 

For medium-chain length n-alkanes specifically, fumarate is added to the 

subterminal carbon of the hydrocarbon to form a substituted succinic acid 

derivative that can be subsequently metabolized (30, 69, 71). Terminal addition 

of fumarate has been observed for smaller n-alkanes such as ethane, and 

propane (29, 63). This process is catalyzed by a glycyl-radical enzyme known as 

alkylsuccinate synthase (ass, (11)), or (1-methylalkyl)succinate synthase (mas, 

(22)). This mode of activation has also been observed with other hydrocarbon 

classes and catalyzed by several δ- and β-proteobacteria (85). Recently, 

chromosomal regions containing the fumarate-addition genes have been 

characterized in a nitrate-reducing isolate (22) and the first genome sequence for 

a SRB capable of n-alkane biodegradation via this mechanism is available 

(Callaghan et al., in press). In fact, the availability of the AK-01 ass operon made 

it possible to describe some of the functionally comparable features of the 

alkylsuccinate synthase in Desulfoglaeba. The catalytic A-subunit of 

alkylsuccinate synthase contains a conserved subterminal glycine motif (I/V-R-

I/V-X-G-F/W/Y), and central cysteine residues (11). This amino acid orientation is 

crucial for formation of the glycyl radical and hydrogen abstraction from the 

alkane substrate (12, 30, 53). In stain ALDCT, the assA subunit contains 858 

amino acids and is 75% identical on the amino acid level to the catalytic subunit 
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of AK-01 (9). Following alkane activation and thioesterification, it is proposed that 

carbon-skeleton rearrangement occurs via a B12 catalyzed mutase reaction 

similar to the reversible regeneration of succinyl-CoA from methylmalonyl-CoA in 

propionic acid bacteria (38, 86). Indeed, genes annotated as methylmalonyl-CoA 

mutases are commonly found in the alkylsuccinate operons ((22); Callaghan et 

al., in press). Two separate, complete methylmalonyl-CoA (large and small 

subunits) enzymes are present in the Desulfoglaeba genome. One set of 

methylmalonyl-CoA encoding genes is located in close proximity to the ass 

genes, while the other is located in a region related to fatty-acid metabolism. The 

complete alkylsuccinate synthase enzyme complex consists of eight subunits 

labeled AssABCDEFJK, and the majority of these subunit-coding genes were 

detected in the Desulfoglaeba genome. Specifically, ass subunits ACDEJ were 

detected based on BLAST homology to the ass operon in strain AK-01 and 

conserved cysteine residues in the C-, and E-subunits. It is possible that the B-

subunit is present, but some of the conserved cysteines are missing and the 

BLAST e-value (0.054) to related genes in strain AK-01 is not high enough to 

make this conclusion at this time. The B-subunit is proposed to be involved in 

substrate concentration sensing through interaction with an unknown regulatory 

protein (35). Subunit C likely plays a role in stabilizing the catalytic site of AssA 

and contains the conserved cysteines indicative of Fe-S clusters in a 

homologous subunit of the toluene-activating complex of benzylsuccinate 

synthase (34, 35).  Also contained in the strain ALDCT ass operon is the glycyl 

radical activase necessary for the creation of the active catalytic site on the A-
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subunit.  All glycyl radical enzymes of the S-adenosylmethionine family require 

similar activases (40).  

Given the limited metabolic capability of Desulfoglaeba, the capability of 

mineralizing n-alkanes represents a compelling reason to undertake differential 

protein expression studies. In addition, the only other known sulfate-reducing 

bacterium capable of n-alkane activation by fumarate-addition has a genome size 

roughly twice that of strain ALDCT. Therefore, Desulfoglaeba represents an ideal 

model organism to probe alkane metabolism and biochemistry due to its limited 

substrate range, known anaerobic alkane-activation strategy, and the compact 

size of the encoded proteome.  

 

Functional Proteomics 

After growth of Desulfoglaeba on either butyrate or n-decane, cells were 

harvested, concentrated, and subjected to protein extraction and trypsin 

digestion. A total of 30,083 Orbitrap MS/MS scans were obtained for the alkane 

replicates, and 29,196 for the butyrate replicates over a 185 minute run time. 

Reproducibility between replicates was excellent, and only identically charged 

peptides identified in both replicates, for each condition, were retained for further 

analysis. Single-hits and peptides without MS/MS spectra were discarded. 

Tryptic peptides were screened and searched, against a database of translated 

amino acid sequences for each open reading frame in the Desulfoglaeba draft 

genome, using MASCOT and Proteome Discover software (Thermo Scientific). A 
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total of 217 proteins were shared in both growth conditions, 97 were unique to 

alkane-grown cells, and 75 were unique to the butyrate-grown cells (Table 2). 

Shared Proteins.  Many proteins detected in butyrate- and alkane-grown 

cells are related to general respiratory processes such as chemiosmotic ATP 

generation and sulfate reduction. Both cultures used sulfate as a terminal 

electron acceptor and sulfate reduction biochemical machinery including the 

dissimilatory sulfite reductase B- and C- subunits, adenylylsulfate reductase, and 

sulfate adenylyltransferase were observed in all protein preparations. In addition, 

peptides coding for an entire F0F1 ATP synthase were also common among all 

samples. Butyrate is the smallest fatty acid capable of undergoing β-oxidation, 

yielding two acetyl-CoA subunits that can be further degraded by several 

mechanisms (64). This process is also integral to the mineralization of long-chain 

alkane substrates (69).  Detected strain ALDCT proteins related to fatty-acid 

metabolism include acyl-CoA oxidase, enoyl-CoA hydratase, acetyl-CoA 

acetyltransferase, and 3-hydroxyacyl-CoA dehydrogenase. Several 

heterodisulfide reductases, known to be involved in electron-cycling, were also 

observed along with the quinone-interacting membrane-bound oxidoreductase 

that supplies electrons essential for the reduction of adenosine-5’-phosphosulfate 

to sulfite during sulfate respiration (47). Two complete methylmalonyl-CoA (mmc) 

operons are encoded in the strain ALDCT genome. One is contained in the ass 

operon, however a separate Mmc complex encoded elsewhere in the genome 

was detected that contained a B12-binding site, epimerase subunit, and mutase 

subunit. As already suggested, mmc-related reactions are thought to be involved 
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in the B12-dependent carbon skeleton rearrangement reactions of the proposed, 

fumarate-dependent n-alkane degradation pathway but also during general fatty 

acid metabolism (86).  Finally, a cytoplasmic non-reducing F420 hydrogenase 

(MvhD) subunit associated with heterodisulfide reductase A (HdrA) was present 

in both samples, and has been proposed to function in electron bifurcation under 

low H2 partial pressures to reduce ferredoxin (73). Overall, the proteins shared 

between both growth substrates were related to overall cell homeostasis, 

dissimilatory sulfate reduction, ATP generation, reducing equivalent production, 

and fatty acid metabolism.   

Butyrate-Grown Cells. Desulfoglaeba alkanexedens was initially described 

as a sessile organism that tended to form clumps (14). However, the genes 

necessary for flagellum biosynthesis are present in the genome suggesting that 

the organism can be motile under certain conditions.  The proteins related to 

flagellar structure were differentially expressed in butyrate-grown cells, including 

the flagellar protein (FliS), flagellar basal-body protein (FliL), and flagellar motor 

switch protein (FliN). Strain ALDCT also has the capacity to detect changes in the 

environment (i.e. substrate concentrations, redox conditions) and respond 

accordingly. Signal transduction is required to transmit information about 

substrate-receptor binding to a flagellar motor switch that results in chemotaxis 

toward or away from an effector (7).  A protein with prescribed chemotaxis 

sensory transducer function was noted in the butyrate-grown cells (Table 2). The 

detection of flagellar proteins and chemotaxis sensory transducers suggests that 

strain ALDCT cell excitation occurs in the presence of butyric acid.  
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Curiously, class I and class II fumarate hydratases (also known as 

fumarases) were only detected in butyrate-grown cells. Amino acid homology 

between the two classes is very low (20). Fumarase class I and II differ in several 

aspects related to thermostability, molecular mass, and iron-sulfur content (23, 

88). However, the two proteins classes are functionally related and catalyze the 

reversible hydration of fumarate to L-malate.  Three genes are responsible for 

fumarase production, class I is produced by fumA and fumB while class II is 

produced by fumC (87, 88). In Escherichia coli, fumA and fumB were shown to 

be differentially expressed during aerobic or anaerobic growth, respectively (87). 

FumA in fact was highly upregulated during aerobiosis, and repressed by 

glucose and anoxic conditions, indicating its association with the citric acid cycle 

(87).  

 The physiology of short-chain fatty acid degradation by SRB has been 

studied in detail (27, 31, 44, 82). The two known, non-syntrophic butyrate 

degradation pathways proceed via β-oxidation, producing two acetyl-CoA 

subunits, and result in acetate and CO2 production or CO2 alone depending on 

the cell’s ability for terminal oxidation of acetate (Acetyl-CoA) (4, 44). Butyrate is 

activated to butyryl-CoA via CoA transfer from acetyl-CoA (67). The protein 

catalyzing this process is acetyl-CoA transferase, and was detected in 

Desulfoglaeba only in the presence of butyrate (Table 2). Butyrate and higher 

fatty acids are transported via the proton-driven symporter FadL (73). Indeed, 

FadL was differentially expressed in the presence of butyrate.  
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Decane-Grown Cells. It was previously observed that n-alkanes induce 

the capacity for their utilization and alkylsuccinate synthase is differentially 

expressed (22, 30, 53).  Several subunits of the strain ALDCT alkylsuccinate 

synthase were detected in alkane-grown cells including the catalytic AssA 

subunit, a methylmalonyl-CoA mutase in the same operon as AssA, and a 

subunit of ass annotated to encode an MgmE/PrpD family protein (Table 1). This 

protein family is thought to be involved in propionyl-CoA metabolism, catalyzing 

an aconitase-like isomerization reaction (36).  Glycyl-radical enzymes such as 

alkylsuccinate synthase are rapidly deactivated in the presence of molecular 

oxygen (34, 40, 70). Several sulfate-reducing bacteria are apparently genetically 

well suited to occupy niches at oxic/anoxic interfaces (Callaghan et al., in press). 

Indeed, a number of SRB have been isolated from permanent oxic zones or 

sediments and are aerotolerant (52, 60, 62). Strain ALDCT has not been 

specifically characterized with regard to oxygen tolerance. However, several 

proteins with oxygen radical detoxification properties were identified in the 

presence of n-alkanes including desulfoferredoxin (rubredoxin oxidoreductase) 

and rubrerythrin (37, 39), and may be expressed differentially to ensure the 

integrity of oxygen-sensitive metabolism related to hydrocarbon mineralization. In 

Desulfovibrio vulgaris (strain Hildenborough), rubrerythrin was characterized and 

found to be a non-heme iron alternative to superoxide dismutase (39). While the 

differential expression of alkylsuccinate synthase was expected in 

Desulfoglaeba, it was not known a priori whether an off-gel based proteomics 

approach would be able to detect this phenomenon.  However, no peptides 
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specific for the alkylsuccinate synthase protein complex were detected in the 

butyrate-grown culture of strain ALDCT. Table 2 shows unique proteins identified 

in each growth condition, the presence of unique peptides for those proteins, the 

number of unique peptides, and the corresponding MOWSE score for the 

MASCOT search. The MOWSE score is a similarity index used in peptide mass 

fingerprinting, and represents the probability of matching a set of mass peaks by 

random chance (3). This index increases with the detection of more peptide 

mass peaks for a given protein, or of peaks that are determined to be rare.  

A close examination of the proteins detected only in alkane-grown cells 

revealed insight into the relationship between nitrogen and carbon metabolism. 

Specifically, we detected the enzymes involved in the arginine biosynthetic 

pathway, including a bifunctional arginine biosynthesis protein (ornithine 

acetyltransferase, ArgJ), urease subunits UreG and UreE, and argininosuccinate 

synthetase (Table 2). There are two known routes for arginine biosynthesis in 

prokaryotes, each differing in the mechanism of acetyl group removal from N-(2)-

acetyl-ornithine and in points of feedback inhibition control of metabolic 

intermediate production (13). The first type of pathway is linear, typically found in 

Bacillus species or Enterobacteriaceae, and characterized by N-(2)-acetyl-

ornithine giving rise to ornithine via a hydrolytic reaction catalyzed by 

acetylornithinase (51). The feedback point of the linear pathway is the first 

enzyme, N-acetylglutamate synthetase, inhibited by arginine (80).  Both 

pathways involve five steps leading from glutamate to ornithine, and three 

ancillary steps producing arginine from ornithine. The second type of pathway is 
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cyclical due to acetyl group recycling by transacetylation of glutamate and N-(2)-

acetylornithine (25). This recycling mechanism provides an energetically less-

demanding way to synthesize arginine (16, 78). Excess arginine causes 

feedback inhibition at the point of N-acetylglutamate 5-phosphotransferase, the 

second enzyme in the pathway (78, 79). The cyclical pathway is present in all 

three domains of life (13, 25, 42). The high-energy metabolite 

carbamoylphosphate is involved in the first step of the conversion of ornithine to 

arginine but is also involved in the production of pyrimidine bases cytosine, 

thiamine, and uracil. The detected strain ALDCT protein annotated as a 

‘bifunctional arginine biosynthesis protein (ArgJ, Table 2) is the key enzyme in 

the cyclical pathway and catalyzes the first and fifth steps of the anabolic arginine 

process (61). The other genes necessary for the circular arginine biosynthesis 

pathway were detected in the Desulfoglaeba genome. In addition, the MASCOT 

algorithm identified a putative argininosuccinate synthetase protein, although not 

with unique peptides. This enzyme catalyzes the condensation of citrulline and 

aspartate into argininosuccinate in an ATP-dependent reaction (13). Arginine can 

then be liberated from argininosuccinate by a hydrolysis reaction catalyzed by 

argininosuccinate lyase, producing fumarate as a byproduct (19).  

Amino Acid Amendments.  Nitrogen assimilation is an essential biological 

process that must be tightly regulated with relation to growth rate and 

accessibility of a chemically preferred nitrogen source. For Escherichia coli, the 

preferred form of bioavailable nitrogen is ammonium (57), and this is also the 

case for many other forms of life.  E. coli has been shown to exhibit chemotaxis 
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toward selected free L-amino acids including alanine, asparagine, cysteine, and 

glycine, but did not show chemotaxis toward arginine-related amino acids (43).  

On the other hand, several heterotrophic bacteria have been shown to prefer 

amino acids as a nitrogen source instead of ammonia (28).  Therefore, we 

decided to explore the relationship between sulfate-reduction rates in the 

combined presence of n-alkane and dissolved free amino acids of the arginine 

family, to determine if increased rates of biodegradation could be achieved. 

Microbial activity was monitored by sulfate reduction rates (Figure 2).  After 59 

days, the residual sulfate concentration in the presence of n-decane and L-

arginine was 9.63 ± 1.39 mM compared to 26.54 ± 2.64 mM in the replicates 

amended with L-arginine alone.  L-citrulline and L-ornithine amended singly to n-

decane cultures produced a similar effect in the presence of n-decane, with 

residual sulfate concentrations reduced to 11.25 ± 1.05 mM and 11.80 ± 0.53 

mM, respectively. Mean sulfate concentrations for cultures with only L-citrulline 

were 19.53 ± 1.24 mM, and 18.69 ± 0.20 mM when only L-ornithine was 

provided.  For L-aspartate, more sulfate was reduced when only the amino acid 

was provided as compared to the single amino acid and n-decane, with averages 

of 15.77 ± 1.61 mM and 20.93 ± 1.90 mM respectively. D-enantiomers for all of 

the amino acids mentioned above, did not stimulate sulfate reduction above the 

n-decane only controls (Figure 2).  

 

Discussion 
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 Genome sequencing and annotation, combined with proteomics, provided 

a better understanding of the physiology of the model alkane-degrading sulfate-

reducing bacterium Desulfoglaeba alkanexedens.  The genome sequence of 

strain ALDCT furnished a picture of an organism especially well suited for an 

anaerobic lifestyle of dissimilatory sulfate respiration or syntrophy coupled to the 

mineralization of medium-length alkanes or small fatty acids. The metabolic 

range of strain ALDCT predicted by the genome is very narrow, and supports 

previous experiments characterizing this strain (14). Carbon is completely 

oxidized to CO2 using a modified citric acid cycle similar to Desulfobacter species 

(52). Alkanes can be activated via fumarate-addition in a reaction catalyzed by 

alkylsuccinate synthase encoded by the chromosome. Genes similar to 

methylmalonyl-CoA mutase were found close to the ass genes, and suggest that 

the carbon skeleton rearrangement seen during alkane mineralization is 

catalyzed in a similar fashion as the conversion of succinyl-CoA to 

methylmalonyl-CoA (58).  Latter n-alkane metabolites are β-oxidized to acetyl-

CoA which is further degraded to CO2 (15).    

Strain ALDCT was grown separately on butyrate and n-decane under 

sulfate-reducing conditions to compare proteins expressed differentially in the 

presence of these two substrates.  Proteins related to cell homeostasis, 

chemiosmotic energy generation, fatty acid metabolism, and sulfate reduction 

were shared in all replicates.  For butyrate-grown cells, the picture that emerges 

is proton-driven transport of butyrate by the long-chain fatty acid transporter FadL 

and activation of butyrate to butyryl-CoA via CoA transfer from acetyl-CoA.  It 
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seems that Desulfoglaeba has the ability to form flagella in response to redox or 

substrate concentration stimuli. Flagellar proteins were not detected in alkane-

grown cells. It is possible that the flagellum is used for environmental sensing 

and not necessarily for cell locomotion (81). Strain ALDCT has been observed to 

degrade hydrocarbons syntrophically in the absence of sulfate and the presence 

of a H2/formate-utilizing Archaeon (74). It would be interesting to see if a 

flagellum is present under these circumstances, as the flagellar protein FliD 

alone has been shown to promote a close physical association between a 

bacterium and archaeon partners as well as induce the expression of 

methanogen genes required for syntrophic growth (66). The role that the 

Desulfoglaeba flagellum occupies in syntrophic relationships is unknown at this 

time. 

The lack of fumarase detection in alkane-grown cells is intriguing. The 

ability of Desulfoglaeba strain ALDCT to respire fumarate has not been tested at 

this time, but likely does not play a role in the life-strategy of this cell. Fumarase 

expression studies in E. coli suggest that fumABC encode cytoplasmic proteins 

(87, 88). Analysis of these genes in strain ALDCT could not detect a membrane-

insertion tag or membrane-bound region. The alkylsuccinate synthase and 

related benzylsuccinate synthase enzymes are also known to be cytoplasmic (9, 

35). Therefore, cells might be expected to regulate the availability of cytoplasmic 

fumarate during n-alkane metabolism to ensure sufficient concentrations of this 

necessary co-metabolite. Under normal conditions, fumarate can be converted to 

L-malate and used as a substrate for malate dehydrogenase during the 
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production of NADH. However, strain ALDCT can use other methods to reduce 

NAD+ such as the sodium- or proton-pumping Rnf-type complex (41, 73). Indeed, 

this method for regeneration of reducing equivalents seems more likely as 

ALDCT probably does not gain net ATP from substrate-level phosphorylation and 

would require a chemiosmotic set of reactions to achieve energy conservation 

(52). Therefore, future studies elucidating the role of fumarate regeneration 

during n-alkane metabolism and the source of the cellular fumarate reserve being 

used during the alkylsuccinate synthase reaction might help to determine the 

rate-limiting steps of this process.  

 Proteins from alkane-grown cells were analyzed for differential expression 

compared to strain ALDCT growth on butyrate. We detected alkylsuccinate 

synthase only in the presence of decane, and affirm previous studies 

demonstrating the inducibility of related proteins only in the presence of 

hydrocarbons (22, 30, 53). Glycyl radical enzymes are extremely sensitive to 

inactivation by oxygen radicals or other oxidants (70), and we found proteins with 

oxygen radical detoxification properties in alkane-grown cells. In addition, the 

pathway for arginine biosynthesis was expressed differentially in alkane-grown 

cells.  In general, amino acids are synthesized by transamination of α-ketoacids, 

in a reaction catalyzed by a family of enzymes known as transaminases (18). 

However, bacterial catabolism of arginine and downstream amino acids is much 

more complex than anabolism and may proceed via several different pathways 

(13). In general, the first step of arginine would involve hydrolysis to ornithine and 

urea (45). Strain ALDCT does contain all the genes necessary for an active 
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urease.  A survey of the Desulfobacterium autotrophicum HRM2 and 

Desulfatibacillum alkenivorans AK-01 genomes indicates that the latter 

organisms do not possess this feature. Whether the presence of urease in strain 

ALDCT would explain the increase in sulfate reduction when amended with 

arginine-family amino acids is unknown. Future study will be needed to 

determine if strain ALDCT prefers amino acids as a nitrogen source during growth 

on alkanes, or if the higher rates of sulfate reduction were due to increased 

carbon availability and co-metabolism of amino acids with alkanes. Several 

studies have however examined the arginase pathway in Bacillus species, and 

noted coordinate induction of pathway enzymes in the presence of arginine, 

citrulline, ornithine, and proline (6, 32). The sulfate reduction rates seen in strain 

ALDCT were higher when amended singly with those same amino acids, L-

arginine, L-citrulline, and L-ornithine, in the presence of n-alkanes (Figure 3). 

Taken together, these data imply that the arginase pathway is induced in the 

combined presence of n-alkanes and the amino acids of the arginine-family. The 

detection of arginine biosynthesis proteins in alkane-grown ALDCT and the 

presumed activation of the arginase pathway garnered from sulfate-reduction 

rates suggests that this amino acid family may be more important during 

anaerobic hydrocarbon degradation than previously recognized.  Sulfate-

reducing bacteria are commonly known to be prototrophic with regard to amino 

acid biosynthesis (50). During the initial characterization of Desulfoglaeba, it was 

noted that co-factors or amino acids were not needed for growth, however small 

amounts of yeast extract stimulate biomass production (14). This effect has often 
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been reported for other SRB as well (56). L-Arginine, L-citrulline, and L-ornithine 

are likely components of yeast extract.  Postgate also noted that these amino 

acids have a chelating function and increase the solubility of FeS (49). Enhanced 

iron availability could well play a role in the increased sulfate reduction in our 

experiments.  

 In conclusion, the combination of genome analysis and differential 

proteomics provided insight into the biochemical processes involved under 

different growth conditions for the model sulfate-reducing bacterium 

Desulfoglaeba alkanexedens. Information gleaned from this study will lead to a 

greater knowledge of preferred nitrogen sources during growth on hydrocarbons, 

and the source(s) of the fumarate pool during anaerobic alkane mineralization.  
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Table 1.  General Information for the Desulfoglaeba alkanexedens draft genome. 
  

description calculation 

   

DNA, total  3,168,086 

    Predicted genome coverage 9 X 

    Number of plasmids  0 

    G+C content (mol %)  60.12 

  

Genes (open reading frames)   

    Protein coding genes  2856 (99.05%) 

    Protein coding genes with predicted 

function 1626 (56.93%) 

    Hypothetical protein coding genes 1203 (42.12%) 
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Table 2. Selected proteins differentially expressed by Desulfoglaeba grown on butyrate and decane. The MOWSE score 
is a similarity index used in peptide mass fingerprinting, and represents the probability of matching a set of mass peaks by 
random chance. 
 

        

growth 

condition 
protein name sequence ref. 

unique 

peptides 
# of 

peptides 
% 

coverage 
MOWSE 

Score‡ 

       

Alkane arginine biosynthesis bifunctional protein (ArgJ) YP_845329.1 yes 2 6.7 46.72 

Alkane 

urease accessory protein UreG [uncultured 

bacterium] ABW80928.1 yes 4 22.78 181.16 

Alkane 

urease accessory protein UreE [Pseudomonas 

putida KT2440] YP_001268159 yes 3 17.6 96.82 

Alkane argininosuccinate synthetase YP_844199.1 no 2 3.7 45.38 

Alkane Alkylsuccinate synthase, alpha subunit (AssA1) YP_002430896.1 yes 46 48.45 1641.69 

Alkane 

methylmalonyl-CoA mutase, large subunit (Ass 

operon) YP_002430890.1 yes 4 22.38 77.38 

Alkane putative MmgE/PrpD family protein (Ass operon) YP_002430892.1 yes 3 11.28 66.59 

Alkane desulfoferrodoxin YP_002953138.1 yes 2 15.32 44.54 

Alkane rubrerythrin YP_847328.1 yes 7 40.24 178.82 

       

Butyrate acetyl CoA-transferase YP_039692.1 yes 3 12.08 69.89 

Butyrate fumarate hydratase, class II (FumC) YP_846220.1 yes 2 6.84 85.00 

Butyrate fumarate hydratase, class I (FumB) YP_002607625.1 yes 2 11.96 35.45 

Butyrate flagellar protein FliS YP_002514046.1 yes 6 9.96 163.28 

Butyrate flagellar basal body-associated protein FliL ZP_06402498.1 no 4 9.73 64.40 

Butyrate flagellar motor switch protein FliN ZP_06232475.1 yes 3 17.83 77.62 

Butyrate chemotaxis sensory transducer ZP_01289130.1 yes 2 4.82 58.30 

Butyrate FadL, long-chain fatty acid transporter YP_002605158.1 yes 3 6.05 63.70 
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Both ATP synthase F1, epsilon subunit YP_846694.1 yes 5 12.32 93.00 

Both F0F1 ATP synthase subunit beta YP_846695.1 yes 52 46.49 2078.38 

Both ATP synthase F1, gamma subunit YP_846696.1 yes 4 23.61 131.72 

Both F0F1 ATP synthase subunit alpha YP_846697.1 yes 45 44.27 1259.17 

Both F0F1 ATP synthase subunit delta YP_846698.1 yes 8 35.11 200.65 

Both H+-transporting two-sector ATPase, B/B' subunit YP_846699.1 yes 10 36.52 325.78 

Both dissimilatory sulfite reductase subunit B CAC36213.1 yes 28 28.53 372.05 

Both DsrC family protein YP_848146.1 yes 2 14.29 39.09 

Both adenylylsulfate reductase YP_845177.1 yes 207 66.41 5998.74 

Both adenylylsulfate reductase, beta subunit YP_845176.1 yes 9 39.19 279.19 

Both sulfate adenylyltransferase YP_845175.1 yes 33 52.44 775.98 

Both urea ABC transporter, ATP-binding protein UrtD YP_003009326.1 yes 4 35.41 191.37 

              

       

‡The score is calculated by MASCOT and represents the significance of the match against the ALDC
T
 genome.   
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Figure 1.  Functional gene categories from the Kyoto Encyclopedia of Genes 
and Genomes (KEGG) database for the Desulfoglaeba alkanexedens draft 
genome. A total of 2856 open reading frames (ORFs) were identified, and 56% of 
these have predicted function. ORFs identified as ‘No Predicted Function’ include 
proteins with BLAST hits against hypothetical proteins. The ‘Cellular Processes’ 
category includes proteins related to transport, cellular communication, cell 
motility, and cell growth. ‘Genetic Information Processing’ includes DNA 
replication and transcription, protein translation, and protein folding. ‘Metabolism’ 
includes all pathways related to carbon metabolism, energy metabolism, amino 
acid degradation, and alkane oxidation. The ‘Other’ category was used for 
identified proteins with annotated and predicted function not belonging to any 
previous category.  
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Figure 2. Sulfate reduction in Desulfoglaeba strain ALDCT cultures in the 
presence and absence of n-decane and amended with selected amino acids 
(1mM). Abbreviations are L-arginine (L-arg), L-aspartate (L-asp), L-citrulline (L-
cit), L-ornithine (L-orn), D-arginine (D-arg), and D-ornithine (D-orn).  
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CHAPTER 3 

 

Investigating Carbon Sharing and Isotopic Enrichmen t in a 

Methanogenic, Hydrocarbon-Degrading Community 

 

Abstract 

 

 Methanogenic hydrocarbon degradation can occur in petroleum-

contaminated aquifers. However, the contribution of complete and incomplete 

hydrocarbon mineralization to overall carbon cycling, as well as the role of 

different methanogenic pathways to overall methane production in these 

environments is unclear. Carbon flow in a model methanogenic consortium 

capable of n-alkane mineralization was investigated using a combination of 

proteomics, stable isotope probing, and the measure of δ13C enrichment in 

mineralization end products.  Results show that 13C from uniformally labeled 

substrates was distributed evenly among consortium members in the presence of 

oil, and used by a small majority of the community members when provided only 

in the form of fatty acids.  Therefore, syntrophy plays a larger role during the 

mineralization of hydrocarbon compounds.  In addition, patterns of δ 13C 

enrichment for methane and CO2 in the presence and absence of oil also 

suggests that complex microbial interactions occur during methanogenic 

hydrocarbon mineralization.  For example, the ∆δ 13C of CO2 was statistically 

identical in all incubations irrespective of oil presence, but the ∆δ 13C for methane 
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was greater in the presence of oil compared to fatty acids alone. In all 

incubations, aceticlastic and hydrogenotrophic methanogens incorporated 13C 

into their proteomes to an equal extent, suggesting that one pathway is not 

dominant during methanogenic hydrocarbon decay in this model consortium.  

Stable isotope probing of proteins identified signature enzymes responsible for 

methanogenesis from CO2 and acetate labeled with 78.0 ± 4.4 % and 73.3 ± 1.0 

% 13C, respectively.  A protein capable of catalyzing fumarate addition to a 

hydrocarbon was not found.  Five proteins were identified only in the sole 

presence of hydrocarbons, including a polyphosphate kinase, CheA signal 

transduction histidine kinase, argininosuccinate lyase, cellulase, and a resolvase-

like protein. Collectively, this study suggests that each organism in this 

enrichment culture fills a unique niche, and may contribute to the capacity for 

methanogenic hydrocarbon mineralization in ways that are previously 

unrecognized.   

 

Introduction 

 

Much of the Earth’s biosphere is anoxic and the anaerobic cycling of 

organic matter is known to involve a stepwise biodegradation of labile substrates 

to acetate, propionate, butyrate, CO2, and hydrogen (10, 52). In the presence of 

exogenous electron acceptors, this process will usually be sulfidogenic. 

Methanogenesis represents the terminal electron-accepting process in the 

absence of oxygen or other electron acceptors and plays an essential function in 
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removal of acetate, CO2, and H2 (4, 76).  Anaerobic hydrocarbon decay coupled 

to sulfate reduction or methanogenesis has received considerable attention due 

to ‘weathering’ of crude oil and consequences for energy recovery and 

processing (39). Beneficially, it has been proposed to use microorganisms as 

biocatalysts for the recovery of marginal hydrocarbon reserves, or for 

remediation of spilt contaminants (3, 9, 33, 34, 56, 67).  The detection of 

anaerobic hydrocarbon-degrading bacteria and methanogenic archaea in 

petroleum reserves is now common (21, 32, 50, 60), yet the nature of signaling 

and electron flow between these organisms is unresolved.  

Early evidence for the involvement of anaerobic prokaryotes in the 

degradation of hydrocarbons came from the recognition that sulfate-reducing 

bacteria were present in formation waters of oil fields and that oils were being 

altered by their activities (6, 48).  This observation is now widely documented 

(see (72) for a review). Geologists have recognized that natural gas can be 

distinguished as either thermogenic or biogenic based on the δ13C composition of 

formation gases (71).  Methane δ13C composition from -120 to -50 ‰ VPDB is 

diagnostic of a bacterial origin for the gases (55). A large deuterium kinetic 

isotope effect (KIE) has also been observed during microbially-mediated 

methanogenesis (70).  In 1999, Zengler et al. (75) provided the first evidence of a 

microbial enrichment performing methanogenic hydrocarbon decay under 

laboratory conditions.  Methanogenic hydrocarbon degradation has now been 

studied in some detail (2, 33, 69, 73).  At least five possible routes for 

hydrocarbon conversion to methane can be postulated, ranging from the 
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complete oxidation of alkanes to CO2 and hydrogen, with methane being 

produced only by CO2 reduction, to incomplete oxidation of hydrocarbons to 

acetate with the involvement of syntrophic acetate oxidation or aceticlastic 

methanogens (20).  Several modeling and experimental studies have concluded 

that syntrophic acetate oxidation does occur under in situ conditions in petroleum 

reservoirs (4, 20, 51).   

A model methanogenic enrichment culture was chosen for this study 

based on its capacity for hydrocarbon degradation.  The microbial consortium 

has been shown to degrade several hydrocarbon classes including 

alkylbenzenes, saturated and aromatic hydrocarbons, alicyclic hydrocarbons, 

and crude oil constituents under both sulfate reducing and methanogenic 

conditions (24, 34, 35, 62, 69).  Interestingly, carbon substrates are more 

efficiently utilized by this consortium in the presence of a solid growth matrix (33).  

The chief interest of this study lay in identifying upstream and downstream 

metabolism of fatty acids during methanogenic hydrocarbon decay. Under 

anaerobic conditions, hydrocarbons are activated to fatty acids and subsequently 

degraded via β-oxidation (73).  Therefore, this study was undertaken to, (a) 

identify the dominant hydrocarbon activation strategy in the consortium, (b) 

identify the proportion of complete and incomplete carbon mineralization to 

overall carbon throughput, and (c) elucidate the principal pathway for 

methanogenesis in the presence and absence of hydrocarbons.  Oil-containing 

or oil-free sand grounds were supplied to the methanogenic consortium, each 

amended with an unlabeled and 13C labeled model straight-chain fatty acid or n-
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alkane.  Primary characterization of overall carbon metabolism was achieved by 

measuring the δ13C for carbon dioxide and methane gas in the presence or 

absence of oil.  Better resolution of the kinetics of carbon fluxes was realized by 

monitoring 13C incorporation into proteomes of consortium members using a 

pseudo-metagenome.  Principal pathways for methanogenesis were elucidated 

using stable isotope probing (SIP) of proteins.  This technique was recently 

introduced and has been used to demonstrate activity of individual members in 

anoxic microbial consortia (41, 43).   

 

Materials and Methods 

 

Microorganisms and Media Preparation 

 A model hydrocarbon-degrading methanogenic consortium was enriched 

from a gas condensate-contaminated aquifer as previously described (34). The 

culture was cultivated in the presence of crushed oil-bearing sandstone core 

material prior to the start of the experiments (67) and maintained by repeated 

transfer (10% v/v) to a reduced, sulfate-free, anaerobic minimal-salts medium 

(33) containing resazurin, trace metals, and a vitamin solution (68). The 

sandstone core was extracted from a depth of approximately 200m in a mature 

oil field in Nowata County, Oklahoma.  Residual oil saturation of the sandstone 

averaged 0.013 g of oil per gram of core (33). Previous studies have show that 

the methanogenic consortium metabolizes substrates more effectively in the 

presence of a solid matrix (33).  Therefore, the ground sandstone core or white 
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quartz sand (VWR, Darmstadt, Germany) in oil-free controls was supplied to the 

cultures to fulfill this requirement. The quartz sand was autoclaved and allowed 

to reduce in an anaerobic chamber prior to use.  

 The solid materials were amended with either 12C- or uniformly 13C-labeled 

hexadecane, palmitate, or stearate. The unlabeled replicates were used to 

measure δ13C composition of mineralized end products (i.e. CO2 and CH4).  The 

13C-labeled replicates were used for protein-SIP and community carbon-sharing 

studies.  The amended chemicals (50 mg) were first dissolved in carriers (4 mL 

of hexane, in the case of hexadecane, or diethyl ether for the fatty acids) and 

added dropwise to the sandstone or quartz solids to ensure even distribution. 

The carriers were then volatilized under a stream of N2 and the solids allowed to 

reduce in an anaerobic chamber. Prior to inoculation, 5 g of the amended 

sandstone material or quartz was added to 10 mL of sterile, reduced medium 

(33) and sealed with butyl rubber stoppers and aluminum crimp seals. The 

culture headspace was aseptically exchanged with N2/CO2 (80:20). The 

sandstone or quartz mixtures were then inoculated with a typical transfer and 

incubated at room temperature (25 ± 2º C) in the dark.   

 

Protein Extraction 

Proteins were extracted from the incubations using the method developed 

by Benndorf et al. to separate cells from sediments (7).  At the completion of the 

experiment, the incubations were vortexed and placed in an ultrasonication water 

bath at 37º C for 10 min. The aqueous phase was removed and centrifuged (10 
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min; 13,000 X g; 4º C) to concentrate cells. The supernatant was replaced back 

onto the incubation solids and the process was repeated a total of 4 times.  The 

combined cell pellet was suspended in 20mM Tris/HCl (pH 7.5).  Cell lysis and 

protein extraction occurred by ultrasonication on ice for a period of 5 min (50% 

amplitude, Ultrasonic 250, Danbury, CT, USA).  The cell lysate was centrifuged 

for 10 min at 10,000 X g at 4 º C.  The pellets were mixed with 1mL of nanopure 

water containing 10 g of crystalline phenol, and shaken at 20 º C for 1 h to extract 

and purify proteins. The phenol phase was collected via centrifugation (10 min at 

13.000 X g), and the proteins were precipitated using 5-fold volumes of 0.1 M 

ammonium acetate dissolved in methanol at -20 º C for 1 h.  The precipitated 

proteins were collected by centrifugation (10 min at 13.000 X g at 4º C) and the 

resulting pellet was rehydrated in 0.1 M ammonium acetate in methanol, and 

incubated for 15 min at -20º C.  This pellet was successively washed in 0.1 M 

ammonium acetate in methanol, 80% acetone, and 70% ethanol with each 

washing step including a 15 min incubation and centrifugation.   

The protein pellet was digested overnight at 37°C usin g trypsin. After 

digestion, the mixture was centrifuged for 10 minutes. The supernatant was 

carefully removed and dried using a vacuum centrifuge before storage at -20°C. 

Before mass spectral analysis, the peptides were redissolved in 30µL of 0.1% 

formic acid and purified two times using Zip-Tip purification and desalting 

according to manufacturer’s instructions (Millipore, Billerica, MA).   

 

Analytical Instruments and Techniques 
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Carbon isotope ratios of methane and carbon dioxide were determined by 

gas chromatography isotope ratio mass spectrometry (GC-IRMS) using a MAT 

253 IRMS (Thermo Scientific, Bremen, Germany). The IRMS was coupled to an 

HP 6890 gas chromatograph (Agilent Technologies, USA) via combustion 

furnace (GC/C-III, Thermo Scientific, Bremen, Germany).  Separation of methane 

and carbon dioxide was achieved on a CP-Porabond Q column (50m x 0.32mm x 

0.5 µm, Varian Analytical Instruments, Netherlands) held isocratically at 60° C, 

using a split injection mode of 1:10, and a constant flow of helium at 2mL min-1. 

For carbon isotope ratio analysis of methane and carbon dioxide, 10µL 

headspace samples were collected using a sterile, nitrogen-flushed Hamilton™ 

syringe and injected manually into the GC. 

 

Protein Mass Spectrometry 

The reconstituted peptides were injected by autosampler and 

concentrated on a trapping column (nanoAcquity UPLC column, C18, 

180 µm x 2 cm x 5 µm) with a mobile phase consisting of 0.1% formic acid at 

15 µl/min. After 8 min, the peptides were eluted onto a separation column 

(nanoAcquity UPLC column, C18, 75 µm x 25 cm x 1.75 µm). Chromatography 

was performed with a 0.1% formic acid/acetonitrile mobile phase, using a 

gradient of either 6 or 8 – 40% acetonitrile over a 185 min elution time using a 

nano-HPLC system (nanoAcquity, Waters, Milford, MA, USA) coupled to an LTQ-

Orbitrap mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). 

Continuous scanning of eluted peptide ions was carried out between 300 – 2000 
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m/z and peaks with a relative abundance exceeding 5000 units were analyzed by 

MS/MS in the collision induced dissociation mode, with the dynamic precursor 

exclusion feature enabled for 3 min.  

 

Data Analysis 

Protein identities were ascertained from peptide fragment sequences 

using Mascot and Proteome Discoverer (Thermo Scientific).  A custom pseudo-

metagenomic database was built for this study, based upon a previously 

published 16S clone library of the methanogenic enrichment (33).  The database 

contained the amino acid sequences for every open reading frame (ORF) in the 

following genomes: Anaeromyxobacter dehalogenans 2CP-1, Chloroflexus 

aggregans, Clostridium cellulolyticum H10, Clostridium thermocellum ATCC 

27405, Desulfatibacillum alkenivorans AK-01, Desulfoglaeba alkanexedens 

ALDC, Desulfobulbus propionicus Lindhorst, Desulfotomaculum reducens MI-1, 

Desulfovibrio desulfuricans G20, Desulfovibrio vulgaris Hildenborough, 

Methanoculleus marisnigri JR1, Methanosaeta thermophila PT, Methanosarcina 

barkeri fusaro, Methanospirillum hungatei JF-1, and Syntrophus aciditrophicus 

SB. A Boolean basis was used to assess differentially expressed proteins 

identified by comparing all identified ORFs in both oil-free and oil-containing 

replicates. 

The intensity of aggregate 13C-label incorporation into the pseudo-

metaproteome was calculated using a method based on the peptide ‘half decimal 

place rule’ (28).  The rule describes characteristic patterns of decimal masses for 
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trypsin-digested peptides. The slope of the linear relationship between peptide 

mass and decimal residual is proportional to the degree of 13C contained in the 

peptide.  A total of 100 peptides must be identified for significance levels of P < 

0.05.  This rule is also useful for detecting non-peptide contaminants in protein 

samples (28).   

 

Results 

 

Isotopic enrichment of mineralized end products 

In order to investigate the principal methanogenic processes in the 

hydrocarbon-degrading consortium, the δ13C signature of the culture headspace 

gases was analyzed. The stable carbon isotope content of methane and carbon 

dioxide were measured during the methanogenic biodegradation of fatty acids in 

both the presence and absence of oil. It is known that the δ13C for methane 

produced via CO2 reduction is more negative (contains less 13C) than that 

produced during aceticlastic methanogenesis. Further, carbon stable isotope 

fractionation is high during CO2 reduction and low during aceticlastic 

methanogenesis (i.e. equal to δ13C of 75‰ versus δ13C of 10‰, respectively (15, 

57)).  Signature patterns of mineralized end products were evident during the 

anaerobic biodegradation of fatty acids or hexadecane depending on the 

availability of residual oil (Figure 1A-1D). When the model inoculum was 

incubated (49 d) in the presence of residual oil and amended with hexadecane, 

the δ13C of methane and CO2 increased from -85.11 ± 9.98‰ to -48.39 ± 2.13‰ 
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and from -21.34 ± 1.58‰ to -11.10 ± 0.56‰, respectively (Figure 1C). Similarly, 

the δ13C of methane increased from -74.59 ± 22.18‰ and -84.06 ± 11.39‰ to -

45.09 ± 4.81‰ and -48.39 ± 2.13‰ in the palmitate- and stearate-amended 

incubations in the presence of oil, respectively (Figure 1D). The comparable δ13C 

of CO2 in the C16 and C18 fatty acid-amended incubations increased from -16.77 

± 0.64‰ to -7.84 ± 0.59‰ and -17.89 ± 0.11‰ to -12.01 ± 0.15‰, respectively 

(Figure 1D). Therefore, the overall ∆δ 13C increase in the presence of residual-oil 

bearing core amended with either fatty-acids or hexadecane was 33.96 ± 3.90‰ 

and 8.53 ± 2.24‰ for CH4 and CO2 respectively.   

A much different stable carbon isotope pattern for CH4 and CO2 was 

evident when the same fatty-acid amendments were metabolized by the model 

inoculum in the absence of oil (Fig. 1B). Since the inoculum performed better in 

the presence of a solid matrix (26), the sandstone material was replaced with 

sterile quartz sand of similar grain size.  Over the course of the incubation, the 

δ13C of CH4 remained relatively stable in both of the fatty acid-amended 

incubations, ranging from -56.65 ± 0.06‰ to -53.59 ± 3.35‰ in the presence of 

stearate and from -44.72 ± 0.41‰ to -46.44 ± 2.00‰ in the presence of palmitate 

(Figure 1B). While the δ13C signature for methane was statistically identical when 

only fatty acids were present as a carbon source, the δ13C signature for CO2 

increased from -14.71 ± 0.47‰ and -14.27 ± 0.07‰ to -8.54 ± 0.23‰ and -8.32 ± 

0.04‰, in the palmitate and stearate-amended incubations, respectively (Figure 

1B). Thus, a ∆δ 13C for methane during fatty acid biodegradation was not 

observed and was similar to the values observed during residual-oil 
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biodegradation in the case of CO2 (∆δ 13C 6.06 ± 0.16‰).  On the other hand, 

incubations containing only hydrocarbons in the form of oil or hexadecane 

exhibited a ∆δ 13C increase averaging 33.96 ± 3.90‰ (Figure 1C).   The δ 13C for 

carbon dioxide was relatively constant during this portion of the experiment, 

increasing on the order of 3 ‰ over the inoculum only control.  The large ∆δ 13C 

for methane in the presence of hydrocarbons minimally suggests that multiple 

pathways of methanogenesis are involved during biodegradation processes. It is 

assumed that the light δ 13C methane signature ranging from -93 to -73 ‰ 

observed during early methanogenesis (e.g. 0-20 days) arises from 

hydrogenotrophic methanogenesis. Carbon δ13C values in this range are 

diagnostic of CO2 reduction coupled to biomethanation (14).   The ∆δ 13C for 

methane and CO2 in the inoculum only control were small, with values of 13.68 ± 

9.67‰ and 5.46 ± 3.86‰, respectively (Figure 1A).    

 

Protein labeling in the methanogenic consortium 

 After approximately 90% of the amended fatty acid substrates were 

biodegraded (based on the stoichiometrically expected amount of methane 

produced - data not shown), proteins were extracted, enzymatically-digested with 

trypsin, and analyzed by LTQ-Orbitrap mass spectrometry.  Bacterial and 

archaeal members of the enrichment were previously identified using clone 

library analysis (33). Based on this information, a pseudo-metagenome was 

constructed using the closest known organisms with an available complete 

genome sequence. In addition, a draft genome sequence of Desulfoglaeba 
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alkanexedens (see Chapter 2) and a complete genome sequence of the n-alkane 

degrading, sulfate-reducing bacterium (SRB) Desulfatibacillum alkenivorans AK-

01 (Callaghan et al., in press) were included as alkane-degrading 

representatives.  Other members of the pseudo-metagenome used for protein 

identification included incomplete-oxidizing SRB such as Desulfovibrio vulgaris 

and Desulfovibrio desulfuricans, fatty-acid oxidizing specialists such a 

Syntrophus aciditrophicus strain SB, Clostridales, and representative 

methanogenic Archaea capable of hydrogenotrophic, methylotrophic, and 

aceticlastic methanogenesis (76).  

 The overall 13C incorporation into the proteome of each organism 

represented in the pseudo-metagenome was calculated and is illustrated in 

Figure 2. Consistent with the patterns of δ 13C incorporation into methane and 

CO2 as a function of the availability of oil, different degrees of stable isotope 

incorporation into the aggregate proteomes was observed (Figure 2).  The 

carbon distribution among the community members is more uniform when the 

residual oil is present versus when a fatty acid was provided as a carbon source 

alone.  In the presence of palmitate and oil, the overall incorporation of 13C into 

labeled members of the community was 74 ± 5.36% and homogeneous among 

labeled constituents (Figure 2).  In the presence of stearate and oil, the 13C 

incorporation was 63 ± 6.36%, however the values ranged from 53% in 

Anaeromyxobscter dehalogenans to 73% in Clostridium cellulolyticum and might 

suggest a slight dominance of Clostridia-like organisms under these conditions.  

It is common for hydrocarbon-degrading SRB to have a narrow hydrocarbon 
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substrate range (19, 72), one notable exception being the nitrate-reducing strain 

HdN1 with an alkane substrate range of C6 to C30 (74).  Therefore, the slightly 

higher labeling in C. cellulolyticum may suggest that fermentative organisms 

such as Clostridiales play a bigger role in the degradation of long-chain fatty 

acids, although it has been suggested that they are capable of hydrocarbon 

degradation as well (49).  Proteins belonging to Syntrophus aciditrophicus-like 

organisms were only labeled in the palmitate-amended core samples. The genus 

Syntrophus contains organisms that syntrophically degrade saturated and 

aromatic fatty acids in the presence of a hydrogen-utilizing SRB or methanogen 

(53). Related 16S sequences are commonly found in hydrocarbon-laden 

environments (32, 33, 44, 75) and our data reveal that cooperative metabolism is 

a more important process in the presence of residual-oil.  Interestingly, in the 

lone presence of the fatty acid stearate, community labeling only occurred in the 

incompletely oxidizing SRB Desulfovibrio vulgaris and in both aceticlastic and 

hydrogenotrophic methanogens (Figure 2).  This, along with the protein labeling 

patterns in the oil-free sample would suggest that the fatty acid is degraded by 

rapidly-growing SRB to acetate, the acetate is used to make methane by obligate 

aceticlastic Archaea, and the residual CO2 is further reduced to methane by 

hydrogenotrophic methanogens.   

It has been suggested that crude-oil biodegradation in the subsurface 

proceeds mainly via acetogenic alkane degradation and syntrophic acetate 

oxidation coupled to hydrogenotrophic methanogenesis, with a preferential 

removal of n-alkanes (44, 51). During a previous study with the enrichment, 
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preferential alkane utilization from the residual oil was observed (33).  Archaeal 

16S sequences were predominantly associated with the obligate aceticlastic 

genus Methanosaeta, although mcrA sequences from H2/formate utilizing-

species could be recovered after addition of H2 and CO2 to the headspace (33).  

In the present study, the labeling of methanogenic species differed depending on 

the availability of oil in the system (Figure 2). In the oil-containing, palmitate-

amended sample, the hydrogenotrophic methanogens closely related to 

Methanoculleus marisnigri and Methanospirillum hungatei were labeled to a 

similar extent (75% and 72%, respectively), and the aceticlastic Methanosaeta 

thermophila-like organisms had 77% 13C incorporation into their proteome.  In 

addition, the methanogenic generalist Methanosarcina barkeri, capable of 

aceticlastic, hydrogenotrophic, and methylotrophic methane production (29), had 

an aggregate 13C level of 69%.  However, in the stearate-amended oil-containing 

samples, labeling for the methanogenic community was observed in 

hydrogenotrophic species, and generalists similar to Methanosarcina barkeri.   

 

Protein-based stable isotope probing 

 An important aspect of microbial ecology is to link natural, microbially-

driven processes to specific members of a community (54).  Protein-based stable 

isotope probing (proteinSIP) was recently introduced and represents a sensitive 

method for determining bacterial growth and metabolic carbon flow in complex 

microbial consortia (40, 42, 43). Therefore, this method was chosen to further 

characterize the carbon flow in the system, and to elucidate the type of 
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methanogenesis active during hydrocarbon decay. The methanogenic pathways 

are very similar, although they differ in key reactions generating either methyl-

tetrahydrosarcinapterin (CH3-H4SPT) in the case of aceticlastic, or methyl-

tetrahydromethanopterin (CH3-H4MPT) in the case of hydrogenotrophic 

methanogenesis (26, 27, 76). The two main pathways also differ in the source of 

electrons used during the exergonic reduction of the heterodisulfide (CoM-S-S-

CoB) to coenzyme M (HS-CoM) and coenzyme B (HS-CoB) (45). During 

aceticlastic methanogenesis the electrons come from the carbonyl group of 

acetate (27), or come from the oxidation of hydrogen in the CO2 reduction 

pathway (26, 76). Specifically, two subunit heterodisulfide reductases (HdrDE) 

catalyze the terminal electron transport in the aceticlastic pathway, and three 

subunits heterodisulfide reductases (HdrABC) catalyze the reaction in obligate 

CO2 reducers. In addition, for aceticlastic methanogens, there are two ways that 

acetate can be activated, exemplified by the Methanosaeta model using AMP-

forming acetyl-CoA synthetase or the Methanosarcina mechanism using the 

combined action of acetate kinase and phosphotransacetylase (63). Therefore, 

aggregate protein stable isotope incorporation into proteins that catalyze the 

formation of these signature intermediates for each methanogenic pathway was 

determined, in the presence or absence of residual-oil (Table 1).  

 In the palmitate-amended, oil-containing sample, evidence for the activity 

of all three methanogenic pathways was found, i.e. hydrogenotrophic, 

methylotrophic, and aceticlastic (Table 1). Four unique peptides from the N5, N10 -

methylenetetrahydromethanopterin (CH2=H4MPT) reductase related to 
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Methanoculleus marisnigri were identified and had an average 13C incorporation 

of 78 ± 4.4%. This value agrees with the labeling intensity seen in the proteome 

of related-organism (Figure 2). The CH2=H4MPT reductase catalyzes an 

intermediate step during hydrogenotrophic methanogenesis, reducing 

CH2=H4MPT to CH3-H4MPT (46).  Evidence for aceticlastic methanogenesis 

came from the identification of two unique peptides associated with 

Methanosaeta thermophila and containing 73.3 ± 1.0% 13C.  Lastly, 

tetrahydromethanopterin S-methyltransferase (subunit A) was identified from 

Methanospirillum hungatei and contained 68.9 ± 0.34% heavy carbon. This 

enzyme catalyzes the first step of the oxidative branch of methylotrophic 

methanogenesis, transferring the methyl group from coenzyme M to 

tetrahydromethanopterin (66).  This finding supports the overall labeling intensity 

throughout the community (Figure 2) and suggests that all three types of 

methanogenesis are active in the sample containing palmitate and oil.     

 In the stearate-amended oil-containing and oil-free samples, proteins 

related to methanogenesis were labeled, but signature proteins attributable to 

specific pathways could not be detected with absolute certainty. There was more 

evidence for active methanogenesis in the oil-free stearate sample, as two 

separate gamma subunits of methyl-coenzyme M reductase were detected with 

labeling intensities of 59.4 ± 0.6% and 59.0 ± 2.7% (Table 1).  Methyl-CoM 

reductase catalyzes the terminal step of biogenic methane production and is 

considered to be a diagnostic indication of methanogenesis (23, 38). In addition, 

two unique peptides from a Na+-transporting ATPase related to Methanosaeta 
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thermophila were detected. The average 13C labeling calculated for this protein 

was 57.8 ± 2.3%.  The growth of methanogenic Archaea is dependent upon the 

presence of Na+ ions at a concentration greater than 1mM (36, 58, 59), and is 

required for all substrates except methanol (8). Methanol is not an expected 

metabolite of anaerobic hydrocarbon degradation and methanogenesis is 

expected to be Na+-dependent in our system.  However, methylotrophic-related 

proteins were detected in the oil-containing palmitate sample, possibly 

suggesting the formation and use of methylated-compounds (e.g., methylamines) 

from the residual-oil constituents.   

 

Differentially expressed proteins 

 Very few differences in protein expression patterns could be identified in 

the oil-containing and oil-free replicates.  Part of the motivation in this study lay in 

elucidating the hydrocarbon activation strategies used by this microbial 

consortium.  No proteins capable of catalyzing fumarate addition to a 

hydrocarbon moiety could be detected.  However, a CheA signal transduction 

histidine kinase was detected in hydrocarbon-only samples.  This protein subunit 

holds a key function in bacterial chemotaxis, accepting a signal from a methyl-

accepting chemotaxis protein, autophosphorylating, and signaling downstream 

for flagellum rotation (30, 31).  Polyphosphate kinase was also detected. The 

biological role of long and short polyphosphates is still under debate, but may be 

involved in energy storage or biofilm formation (12).  Interestingly, a key enzyme 

involved in the liberation of fumarate during biogenesis of arginine-family amino 
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acids was detected only in the presence of hydrocarbons.  Recently, this 

phenomenon was also observed during n-alkane biodegradation by 

Desulfoglaeba alkanexedens strain ALDCT (see Chapter 2).  Lastly, cellulase and 

resolvase-like proteins were also detected solely in the presence of 

hydrocarbons.   

   

Discussion 

 

 The δ13C enrichment of carbon dioxide and methane was examined during 

the methanogenic biodegradation of fatty acids in the presence and absence of 

oil.  Signature patterns of δ13C were apparent when δ13C ‰ of methane was 

plotted against that measured for carbon dioxide (Figure 1). The δ13C ‰ 

signatures for methane in the fatty acid-amended oil-free incubations are stable 

and suggest that one dominating mechanism is primarily responsible for 

producing the bulk of the methane over the course of the incubation (Figure 1B). 

It is assumed that the fatty acids are biodegraded to acetate by incompletely 

oxidizing SRB and aceticlastic methanogens produce a major portion of the 

methane under these conditions. However, the incorporation of 13C into the 

proteome of Methanospirillum-like organisms suggested a role for hydrogen- or 

formate-utilizing methanogens in the enrichment culture as well.  

Identified proteins attributable to specific members of the pseudo-

metagenome were binned and 13C enrichment was calculated using the method 

described by Fetzer et al. (28). The carbon labeling was distributed in a relatively 
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uniform manner amongst the organisms in the palmitate-amended, oil-containing 

samples. However, when stearate was amended to the oil-containing sand, no 

13C labeling was found in SRB generalists or known alkane-degrading 

organisms. The overall distribution of the label was more narrow, and existed 

only in Anaeromyxobacter-, Chloroflexus-, and Clostridium-like bacteria, and in 

methanogenic archaea with the collective capacity for methylotrophic, 

hydrogenotrophic, and aceticlastic methanogenesis (Figure 2).  This might 

suggest that fermentative organisms play a greater role in the degradation of 

higher molecular weight fatty acids.  Some evidence for this proposition exists, as 

several model SRB cannot degrade compounds larger than C18 (5, 18, 47, 65) 

possibly due to transport issues, substrate binding, or solubility limitations. 

All known bacterial isolates with the capacity for hydrocarbon activation 

via fumarate-addition exhibit very narrow n-alkane substrate ranges, including 

Betaproteobacteria and Deltaproteobacteria.  For example, Desulfoglaeba 

alkanexedens ALDCT has an alkane substrate range of n-C6-C12, 

Desulfatibacillum alkenivorans has a substrate range of n-C13-C18, n-C6-C8 for 

the denitrifying Azoarcus strain HxN1, and n-C13-C18 for strain CV2803 (11, 16-

18, 22, 37, 61, 65).  Bacterial isolates with other anaerobic alkane activation 

strategies exhibit much greater ranges; from n-C12-C20 in Desulfococcus 

oleovorans strain Hxd3 to n-C6-C30 in the denitrifying strain OcN1 (1, 64, 74).  

With regard to the methanogenic consortium used in this study, n-alkane loss 

was measured by GC-MS for molecules extending from n-C12-C34 (33).  No 

proteins related to alkylsuccinate synthase or benzylsuccinate synthase could be 
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detected during the experiment described herein.  Taken together with the fact 

that signature fumarate-addition metabolites have never been detected in this 

enrichment (unpublished observation), it is postulated that hydrocarbon activation 

occurs via an alternative mechanism.  

ProteinSIP was used to elucidate the carbon flow into different 

methanogenic members of the consortium and to determine the predominant 

pathways by targeting key enzymes.  Overall, the majority of identified proteins in 

the palmitate-amended oil-containing samples could be attributed to 

methanogens, and specifically to hydrogenotrophic methanogens.  Labeling in 

aceticlastic archaea, and labeled peptides attributable to the aceticlastic pathway 

including the AMP-forming acetyl-CoA synthetase (Table 1) were detected.  The 

activity of aceticlastic methanogens was confirmed by detecting 13C incorporation 

into Methanosaeta thermophila-like organisms. 

The cooperative degradation of terrestrial organic matter relies upon the 

coordinated activities of four groups of microorganism, (i) hydrolytic and 

fermenting bacteria, (ii) homoacetogenic bacteria, (iii) proton-reducing bacteria 

(i.e. syntrophs), and (iv) methanogenic archaea (13). It can be expected that the 

methanogenic mineralization of hydrocarbons be accomplished in a similar 

manner.  In fact, syntrophic species are routinely detected in hydrocarbon-

impacted environments along with fermentative organisms, aceticlastic, and 

hydrogenotrophic methanogens (21, 32, 33, 44, 60, 75). However, interest has 

focused on identifying the dominant methanogenic pathway in subsurface 

environments, as research into the feasibility of increasing the recovery of 
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entrenched natural gas from hydrocarbons continues (20, 33, 39, 44).  The 

subsurface methanogenic process has been modeled using Rayleigh-type 

isotope fractionation (see (25) for a review) and investigated in several oil 

reservoirs (44). The current consensus is that hydrogenotrophic methanogenesis 

and syntrophic acetate oxidation are coupled to hydrocarbon mineralization to 

acetate and hydrogen gas (44, 51). Our enrichment was derived from a gas 

condensate-contaminated aquifer on the interior Great Plains of the central 

United States (34). The overall methanogenic conversion in this enrichment 

culture should share fundamental similarities with other subsurface-derived 

enrichments.  A degree of syntrophic acetate oxidation would explain several 

observations in this study. First, the distribution of 13C throughout a syntrophic 

community would be expected to be more uniform, as observed for palmitate-

amended, oil-containing incubations (Figure 2). Second, the δ13C values for 

methane should remain below -60 ‰, as little free CO2 is converted to methane 

under this scenario and δ 13C values for methane would be close to those seen 

during aceticlastic methanogenesis (57).  Measurements show that δ13C for 

methane was below -60 ‰, although not until the latter stage of methane 

production (i.e. after 20 days, Figure 1C-1D).  Initial methane δ 13C was above -

70 ‰ and characteristic of carbon dioxide reduction.  It is likely that initial 

methanogenesis occurs via CO2 reduction coupled with complete hydrocarbon 

mineralization to carbon dioxide. Syntrophs are slow-growing organisms and may 

have trouble competing for substrates during early phases of anaerobic carbon 

flow (53). However, as degradation proceeds, labile carbon substrates are 
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depleted and syntrophy becomes more important to the overall methanogenic 

process.  Stoichiometric methane production accounted for 90% of the fatty acids 

amended to the incubations.  Approximately 35% of the amended alkane was 

degraded during the same time frame.  It is therefore possible that our endpoint-

study missed the carbon incorporation into other members of the community, and 

that time points sampled during the course of biodegradation would provide 

better resolution of carbon flow in this community. A comparison of a U-13C-

hexadecane-amended incubation to the U-13C-fatty acid samples was intended, 

but low protein yields resulted in low responses on the LTQ-Orbitrap and 

precluded this possibility.  However, a shift in the methane production pattern 

occurred in this incubation after approximately 20 days, from hydrogenotrophic to 

aceticlastic methanogenesis (Figure 1C). In addition, this study demonstrated 

that the distribution of 13C-label is more even in the presence of oil compared to 

fatty acids alone, in all likelihood due to syntrophic metabolism. In conclusion, 

methanogenesis can play an important part during anaerobic hydrocarbon 

degradation, but there is no overwhelming thermodynamic reason to expect one 

mode of methanogenesis to be active over another. This study provides evidence 

for simultaneous methane production via hydrogenotrophic and aceticlastic 

mechanisms during the biodegradation of oil and fatty acids.    
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Table 1. Relative isotope abundance (RIA) of select proteins. 

  

Sample GI number protein name (organism) peptide sequence charge 
molecular 

formula 
m/z 

12
C 

 
RIA (%) 

         
Oil - 

Palmitate 
126178507 

5,10-

methylenetetrahydromethanopt

erin reductase 

AVLGIGPGDLSTLPK +2 C65H114N16O20  718.9176 
 

77.1 

GIPVYIGAQGPK +2 C56H92N14O15  599.8408 
 

72.2 

LLAGEEVKK +2 C44H81N11O14  493.2949 
 

81.3 

  
LLAGEEVK +2 C38H69N9O13  429.2474 

 
81.4 

  
(Methanoculleus marisnigri JR1) 

protein 

avg. 78.0 ± 4.4 

         Oil - 

Palmitate 
116754497 

acetyl-CoA synthetase (AMP-

forming) 

DKDGYWWIQGR +2 C66H92N18O18  711.8392 
 

73.0 

TPWPSMLR +2 C45H72N12O11S  493.7550 
 

74.4 

  
(Methanosaeta thermophila PT) 

protein 

avg. 73.3 ± 1.0 

         
Oil - 

Palmitate 
88603420 

tetrahydromethanopterin S-

methyltransferase, subunit A 
VIANVISNPNIR +2 C57H102N18O17  654.8798  68.9 

 

  

(Methanospirillum hungatei JF-

1)     

protein 

avg. n.a. 

         
Oil - 

Palmitate 
116753885 

methyl-coenzyme M reductase, 

beta subunit 

SDKIDIYSDR +2 C51H84N14O20  605.7963 
 

77.4 

QLLVQIPSAR +2 C50H91N15O14  562.3406 
 

80.8 

  
(Methanosaeta thermophila PT) 

    

protein 

avg. 79.1 ± 2.4 

         Oil - 

Stearate 
219849222 primosome, DnaD subunit WAANGR +2 C29H45N11O8  336.8612 

 
63.1 

  

 (Chloroflexus aggregans DSM 

9485)     

protein 

avg. n.a. 
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Oil-free  

Stearate 
88603394 

methyl-coenzyme M reductase, 

gamma subunit 

LAEDGMMFDMLQ

R 
+2 

C65H107N17O21

S3  778.3406  58.9 

IVTPTDGAK +2 C39H70N10O14  450.7469 
 

59.8 

  

(Methanospirillum hungatei JF-

1)     

protein 

avg. 59.4 ± 0.6 

         

Oil-free  

Stearate 
126178564 

methyl-coenzyme M reductase, 

gamma subunit 

LAENGMMFDMLQ

R 
+2 

C65H108N18O20

S3  777.8511  58.5 

SVLGEDGIVR +2 C44H79N13O16  522.2814 
 

61.9 

NQIGEPLDR +2 C43H74N14O16  520.5572 
 

56.5 

  
(Methanoculleus marisnigri JR1) 

 

protein 

avg. 59.0 ± 2.7 

         
Oil-free  

Stearate 
116754898 

Na-transporting two-sector 

ATPase 

TVmQQTLSK +2 C43H80N12O15S 517.6123 59.4 

SIVYANTSNMPVAA

R 
+2 

C68H114N20O22

S 796.9029 56.2 

  
 (Methanosaeta thermophila PT) 

 

protein 

avg. 57.8 ± 2.3 

         Oil-free  

Stearate 
125972667 

phosphopyruvate hydratase  

VNQIGTLTETLDAIE

MANR 
+3 

C87H151N25O32

S  
696.3520 

 
1.2 

  

(Clostridium thermocellum ATCC 

27405)     

protein 

avg. n.a. 
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Figure 1:  Plots of per mil (‰) δ 13C values for methane and carbon dioxide 
during the methanogenic degradation of fatty acids and n-hexadecane in the 
present and absence of residual oil-bearing sandstone core. All plots are shown 
for 49 days with primary values plotted closest to the y-axis. A) δ 13C (‰) of CH4 
vs. CO2 for the inoculum only control.  B) δ 13C (‰) of CH4 vs. CO2 for stearate- 
and palmitate-amended sterile quartz sand. C) δ 13C (‰) of CH4 vs. CO2 for 
hexadecane-amended residual oil-bearing core. D) δ 13C (‰) of CH4 vs. CO2 for 
stearate- and palmitate-amended residual oil bearing core. Coefficient of 
determination (R2) values for linear regressions in boxes A and D are provided. 
Circles in boxes B and C represent 95% confidence intervals of the data. 
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Figure 2:  Incorporation of 13C into the proteomes of different species in the 
microbial enrichment.  The members of the community were previously identified 
from clone library analysis (33) and closest-relatives with completed genomes 
were used to build a metagenomic database of protein sequences for use during 
the proteomics portion of the study.  All proteins identified for each species were 
grouped and a global 13C incorporation value was calculated as previously 
described (28). The proteins yields from the palmitate-amended oil-free samples 
were too low and precluded analysis at appropriate significance levels.   
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