
Summary of dissertation for Master degree, Instituto Superior Técnico, Lisboa, December 2014 1 

Adaptation Studies and Proteomic Analysis of Carboxidotrophic 

Methanogens 

Summary of dissertation for the degree of Master in Biological Engineering 
 

Pereira, R. A.G.
 1
; Teixeira, M. C. P.

 1
, Sousa, D. Z. 

2
 

1
Instituto Superior Técnico, Universidade de Lisboa, Portugal; 

2
 Wageningen University, Netherlands 

 

ABSTRACT 

Carbon monoxide (CO) is generated by a variety of natural and anthropogenic processes. Nevertheless, CO is 

only present at trace amounts in the atmosphere, which is partly due to its utilisation by a wide range of diverse 

prokaryotes, both aerobic and anaerobic. Organisms able to autotrophically grow on CO, i.e. to use CO as carbon 

and electron source, are designated carboxidotrophs. Anaerobic carboxidotrophs are particularly interesting for 

biotechnological applications because they can produce added-value compounds, such as hydrogen, methane, 

fatty-acids and alcohols. CO is one of the main compounds of synthesis gas (or syngas) - product resulting from 

the gasification of carbonaceous sources (e.g. lignocellulosic biomass and wastes). In this way, syngas can be 

used by carboxidotrophs as a sustainable source for the production of chemicals and/or biofuels. 

The present work focused on the study of methanogens for the production of methane from CO and CO/H2 

mixtures as sole substrate/electron donor. Methanogenic species were tested for their ability to metabolise CO 

and/or CO/H2 and the mechanisms and requirements for CO tolerance and oxidation were studied. The 

physiological response of these archaea to the presence of CO was detailed and the previously unreported 

carboxidotrophic ability for Methanothermobacter marburgensis was demonstrated. Furthermore, proteomic 

analysis of the CO-metabolizing capability of this organism was performed. 

Keywords 

Carbon Monoxide; Synthesis gas; Methanogenesis; Adaptation; Proteomics; Methanothermobacter 
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1. INTRODUCTION 

1.1. Research motivation and background 

Rapid growth of world population, coupled with the emergence of developing countries, results in an ever 

increasing need for energy and fuel sources. Synthesis gas (or syngas) - product resulting from the gasification of 

carbonaceous sources (e.g. lignocellulosic biomass and wastes) – offers potential for such. In this way, syngas 

can be used by carboxidotrophs as a sustainable source for the production of chemicals and/or biofuels. Syngas, 

a gas mixture composed predominantly of carbon monoxide (CO), hydrogen (H2) and carbon dioxide (CO2) is a 

cost-effective and promising alternative. Bioconversion processes have several advantages over catalytic 

processes: i) milder temperatures and pressures can be used, ii) no requisite of a fixed CO/H2 ratio, iii) less 

susceptibility to impurities in the feed gas, and iv) no need for costly pre-treatment of the feed gas or expensive 

metal catalysts (Henstra et al. 2007, Abubackar et al. 2011) . Gasification consists of a partial oxidation of the 

carbonaceous materials at elevated temperatures (700-1000 °C) with a controlled amount of oxygen and/or 

steam. Substrates for gasification include a wide array of carbon containing sources, such coal, cokes, sewage 

sludge, municipal wastes, lignocellulosic biomass, and reformed natural gas.  

 

1.2. Microbial metabolism of carbon monoxide 

1903 marks the first years when microbial capability of metabolizing CO into cell material was indicate by thin 

films of bacteria growing in mineral media with coal gas mixture (mainly H2 and CO) as potential carbon source 

(Beijerinck and van Delden 1903). However, a rigorous confirmation for CO oxidation was lacking until 1953 in 

the work of Kistner with Hydrogenomonas carboxidovorans (Mörsdorf et al. 1992). The term carboxidotroph 

was coined in 1983 to describe utilization of CO as sole carbon and electron source during the study of 

chemolithoautothrophic aerobic respiratory organisms (Meyer and Schlegel 1983). Aerobic carboxidotrophy uses 

O2 as a terminal electron acceptor. This type of CO-metabolism merely yields CO2 and biomass which makes it 

less interesting from a biotechnological standpoint. Anaerobic CO conversion, on the other hand, can be coupled 

to a wider variety of acceptors (CO2, sulphate, sulphur, thiosulphate and protons). These anaerobic respiration 

processes can thus be divided into hydrogenogenesis, desulfurication, acetogenesis, iron-reduction and 

methanogenesis (Oelgeschlager and Rother 2008). For carboxidotrophy to be possible, 4 main condition have to 
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be observed: oxidation of CO into CO2, utilization of the electrons derived from the previous oxidation for 

growth, incorporation of CO2 into cell carbon and capacity for withstanding inhibition by CO. 

 
Figure 1 – Phylogenetic tree of anaerobic carboxidotrophic methanogenic species. 16S rRNA gene sequenced-based tree was 

constructed using neighbor-joining methods. Branch length with 10% dissimilarity is represented in the scale bar. 

Known carboxidotrophs are indicated in bold. * indicates information obtained in this thesis. Arrows evidence strains 

tested during this work. 

1.2.1. Methanogens 

CO as a substrate for methanogens has remained a lesser studied field when compared to what has been done for 

other species (Ferry 2010). The first definitive report of CO conversion into CH4 was conducted by Stephenson 

and Stickland in 1933 by a pure culture in the presence of hydrogen according to Equation 1. This work was 

confirmed in 1947 with cell suspensions converting CO to CH4 with H2 as intermediary (Stephenson and 

Stickland 1933, Kluyver and Schnellen 1947). It was not until 1977 that several methanogens were tested for 

their ability to remove CO from the headspace with the first report of a methanogen capable of using the gas as a 

sole carbon and energy source: Methanothermobacter thermautotrophicus strain ΔH. It was noted, however, that 

high concentrations of CO were inhibitory (with growth ceasing at concentrations above 60% (v/v)). Moreover, 

growth on CO had rates at least 100 times lower than with H2. The proposed stoichiometry of the process 

followed equation Equation 2 (Daniels et al. 1977). 
Equation 1 𝐶𝑂 + 3𝐻2 → 𝐶𝐻4 + 𝐻2𝑂  ∆𝐺0 = − 151 𝑘𝐽/𝑚𝑜𝑙 𝐶𝑂  

Equation 2 4 𝐶𝑂 + 2 𝐻2𝑂 → 3𝐶𝑂2 + 𝐶𝐻4 ∆𝐺0 = −52.6 𝑘𝐽/𝑚𝑜𝑙 𝐶𝑂 

For Methanosarcina barkeri strain MS, carboxidotrophy was detected in 1984.being able to grow on an 

atmosphere of 50% CO. Since H2 could be detected for CO partial pressures above 20%, it can be theorized that 

H2 is being formed as an intermediary in the reduction of CO to CH4 with the hydrogenases being inhibited by 

high CO partial pressures in the headspace (Bryant and Boone 1987). More recently M. acetivorans was detected 

as capable of growth on CO in conditions analogous to its natural environment. Furthermore, it presents faster 

growth rates than previously known carboxidotrophic methanogens leading to it being the most well studied 

methanogen for growth on CO (Sowers et al. 1984, Lessner et al. 2006, Rother et al. 2007). Extensive proteomic 

analysis of CO metabolism in M. acetivorans, indicated a previously unknown pathway for CO-dependent 

methanogenesis in which H2 does not function as an intermediary. Such observation, coupled to its robust growth 

further supports the idea of the intolerance to CO being connected to the inhibition of hydrogenases (O'Brien et 

al. 1984, Lessner et al. 2006). 

2. Materials and methods 

2.1. Selection of candidates 

Comparative genomic analysis for selection of candidates was performed using the tools available at the 

IMG/JGI website (Markowitz et al. 2014). 
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Microorganisms used in this work were obtained from the Leibniz Institute DSMZ – German collection of 

Microorganisms and Cell Cultures. Cultures were grow in 120 mL pressurized serum bottles with a liquid phase 

of 50 mL (unless otherwise stated) under strictly anaerobic conditions based on the principles established by 

Hungate and improved by Bach and Wolf (Hungate 1950, Hungate and Macy 1973, Balch and Wolfe 1976) 

2.1.1. Medium composition and cultivation 

Methanothermobacter thermautotrophicus and Methanothermobacter marburgensis were grown in 50 mL of 

bicarbonate buffered mineral salts medium containing the following per litre: 0.408g KH2PO4, 0.534g 

Na2HPO4.2H2O, 0.3g NH4Cl, 0.3g NaCl, 0.1g MgCl2.6H2O, 0.11g CaCl2.2H2O, 4g NaHCO3, 0.24g Na2S.9 H2O 

and 0.5g of yeast extract, 0.0005g of resazurin, Trace elements H
+
 trace elements OH

-
 and vitamins. The pH of 

finished media was around 7. The headspace was composed either of H2/CO2 (80:20) or N2/CO2 (80:20) and 

increasing amounts of CO as specified. M. thermautotrophicus and M. marburgensis were incubated at 65ºC 

with shaking parameters as specified in the results.  

Medium for Methanocaldococcus jannaschii was composed of: 0.14g K2HPO4, 0.534g Na2HPO4.2H2O, 0.25g 

NH4Cl, 30g NaCl, 4.1g MgCl2.6H2O, 0.14g CaCl2.2H2O, 1g NaHCO3, 0.24g Na2S.9 H2O and 0.5g of Yeast 

Extract, 0.0005g of Resazurin, 1ml of trace elements H+, 1ml trace elements OH- and vitamins. The pH of 

finished media was around 7. The headspace was composed either of H2/CO2 (80:20) or N2/CO2 (80:20) and 

increasing amounts of CO as specified. Cultures were placed at 85ºC with 120rpm of shaking. 

Methanococcus maripaludis was inoculated in medium with the following components per litre: 0.34g KCl, 

0.14g K2HPO4, 0.25g NH4Cl, 18g NaCl, 4g MgCl2.6H2O, 3.45g MgSO4.7H2O, 2g Fe(NH4)2(SO4)2.6H2O, 1g 

NaCH3CO2, 0.11g CaCl2.2H2O, 5g NaHCO3, 0.50g Na2S.9 H2O and 0.5g of yeast extract, 0.0005g of resazurin, 

Trace elements H+ trace elements OH- and vitamins. The pH of finished media was around 7. The headspace 

was composed either of H2/CO2 (80:20) or N2/CO2 (80:20) and increasing amounts of CO as specified at a total 

pressure of 1.7 bar. Serum bottles were subjected to 100 rpm of shaking at 37ºC 

The acid trace elements solution used for all three media contained 1.8g HCl, 61.8 mg H3BO3, 61.25 mg MnCl2, 

943.5 mg FeCl2, 64.5 mg CoCl2, 12.86 mg NiCl2, 67.7 mg ZnCl2 per litre. Alkaline trace elements solution was 

composed of 400 mg NaOH, 17.3 mg Na2SeO3, 29.4 mg Na2WO4, 20.5 mg Na2MoO4 per litre. Vitamins used 

were 20 mg Biotin, 200 mg Nicotinamid, 100 mg p-Aminobenzoic acid, 200 mg Thiamin (Vit B1), 100 mg 

Panthotenic acid, 500 mg Pyridoxamine, 100 mg Cyanocobalamine (Vit B12) and 100 mg Riboflavine. 

2.1.2. Adaptation studies 

Adaptation studies were performed in 120 ml pressurized serum bottles with increasing amounts of CO in the 

headspace. Cultures were routinely transferred (2% v/v of inoculum/media ratio) whenever all available electron 

donors were depleted or when CO was no longer being removed from the headspace for a considerable amount 

of time. Whenever robust growth and/or consumption of CO were detected in a syngas mixture, culture was also 

transferred into bottles with higher percentages of CO and bottles without H2 in the headspace. If growth was 

successful in these conditions, subsequent transfers maintained the gas ratio. 

2.1.3. Microscopy 

Cultures were regularly observed by phase contrast microscopy using a Leica DM 2000 microscope equipped 

with 100X magnification objective and a Leica DMC 2900 camera. For fluorescense microscopy, a Leica DMR 

microscope equipped with a Leica DFC340FX camera was used. Fluorescence was observed utilizing a LEJ 

EBQ 100 Isolated Z Ballast Illuminator Mercury lamp for UV excitation. 

2.1.4. Analytical techniques 

Variations on the concentration of gaseous compounds (H2, CH4, CO and CO2) in the cultures’ headspace were 

followed by gas chromatography using a GC-2014 from Shimadzu equipped with a thermal conductivity 

detector and possessing two separate measuring columns. H2, CH4 and CO were measured in a Molsieve 13X 

column with dimensions of 2m in length and 3mm of inner diameter. Argon and helium were used as carrier 

gases at a flow rate of 50 ml/min and the injector, column and detector were set to 80, 60 and 130°C, 

respectively. CO2 was assayed separately in a CP Paraplot column of 25 m x 0.53 mm, with a stationary phase 

film thickness of 20 μm, employing helium as carrier gas at a flow rate of 15 ml/min. For this column, the 

temperatures used were of 60 °C for the injector, 34°C for the column and 130°C for the detector. Soluble 

compounds were determined using LKB high-performance liquid chromatograph (HPLC) with a Varian 

Metacarb 67H 300mm column. Mobile phase used was 0.01N of sulfuric acid at a flow rate of 0.8 ml/min and 

column temperature was set to 60 °C. 

2.1.5. Protein Extraction for LC-MS/MS analysis 

For protein extration cells were cultured in 1 litre anaerobic bottles and harvested at late exponential phase. 

Cultures were centrifuged and pellet was resuspended in TE buffer (10 mM Tris-Cl, pH 7.5; 1 mM EDTA). 
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Afterwards one of two methods were attempted: centrifugation and resuspension of pellet in SDT lysis buffer 

(100mM Tris -Cl pH 7.5; 4% sodium dodecyl sulphate ; 0.1M dithiotreitol) followed by sonication cycles on 30s 

with 30 second intervals; resuspending centrifuged pellet with TE buffer with phenylmethanesulfonylfluoride, 

and passing cell suspensions through a French pressure cell operated at 138 megapascals. Proteins were 

stabelized by addition of 8M of urea in a proportion of 1:1 and samples were concentrated using a 3.5 kDa 

MWCO filter.Final protein concentration in was assessed using several methods including Qubit® Protein Assay 

Kit in a Qubit® 2.0 Fluorometer (Life technologies), 2D-Quant kit (Amersham Biosciences) and BCA protein 

assay kit (Pierce). 

2.1.6. LC-MS/MS analysis 

Samples for LC-MS/MS analysis were sent to be analysed by the Proteomics centre in Radboud University of 

Nijmegen. Experiments were performed on a 7-tesla Finnigan LTQ-FT mass spectrometer (Thermo Electron) 

equipped with a nanoelectrospray ion source (Proxeon Biosystems, Odense, Denmark). The LC part of the 

analytical system consisted of an Agilent Series 1100 nanoflow LC system (Waldbronn, Germany) comprising a 

solvent degasser, a nanoflow pump, and a thermostated microautosampler. Chromatographic separation of the 

peptides was performed in a 15-cm fused silica emitter (100-μm inner diameter; New Objective) packed in-

house with methanol slurry of reverse-phase ReproSil-Pur C18-AQ 3-μm resin (Dr. Maisch GmbH, Ammerbuch-

Entringen, Germany) at a constant pressure (20 bars) of helium. Then 5 μl of the tryptic peptide mixtures were 

autosampled onto the packed emitter with a flow of 600 nl/min for 20 min and then eluted with a 5-min gradient 

from 3 to 10% followed by a 25-min gradient from 10 to 30% acetonitrile in 0.5% acetic acid at a constant flow 

of 300 nl/min. The mass spectrometer was operated in the data-dependent mode to automatically switch between 

MS and MS/MS acquisition. Survey MS spectra (from m/z 350 to 2,000) were acquired in the FTICR with r = 

50,000 at m/z 400 (after accumulation to a target value of 1,000,000). The three most intense ions were 

sequentially isolated for fragmentation in the linear ion trap using collisionally induced dissociation with 

normalized collision energy of 29% and a target value of 1,000. Former target ions selected for MS/MS were 

dynamically excluded for 30 s. Total cycle time was ∼3 s. Proteins were identified via automated database 

searching (Matrix Science, London, UK) of all tandem mass spectra against both NCBInr and an in-house 

curated M. thermautotrophicus database. Carbamidomethylcysteine was set as fixed modification, and oxidized 

methionine and protein N-acetylation were searched as variable modifications. Initial mass tolerances for protein 

identification on MS and MS/MS peaks were 10 ppm and 0.5 Da, respectively. The instrument setting for the 

MASCOT search was specified as “ESI-Trap.” 

3. Results and Discussion 

3.1. Selection of methanogenic candidates  

3.1.1. Genomic comparison of methanogens for potential carboxidotrophic abilities 

Despite being the first carboxidotrophic methanogen identified, M. thermautotrophicus still hasn’t been 

subjected to thorough proteomic analysis for use of CO. Since it is beneficial to have an annotated genome 

sequence to conduct a proper assessment of data from LC-MS/MS, the first step of this work was to search the 

JGI database for methanogens that possess a finished version of their genome.  

For this group, the presence of carbon monoxide dehydrogenase (CODH) was assessed since its presence is 

linked to the necessary oxidation of CO into CO2 resulting in a shortened list of 37 potential candidates. To 

further select for methanogenic candidates for hydrogenotrophic carboxidotrophy, the physiological and genomic 

data available for M. thermautotrophicus was used as a basis for comparison with other hydrogenotrophic 

methanogens. This archaeon possesses one copy of CODH in its genome. For homologue comparison of the 

putative carboxidotrophs, the alpha subunit of the CODH protein complex was selected. This choice was due to 

the localization of the catalytic centre within the structure of this subunit. Looking at the sequence alignment 

results, M. marburgensis rises above the rest as the methanogen that possesses a CODH/ACS alpha subunit with 

the closest similarity to the one from M. thermautotrophicus with an identity value of 93.7% (well above the 

second closest hit for Methanobacterium sp. SWAN-1 with 73.5%). Furthermore, the genome of this archaea 

seems to code for an additional set of catalytic subunits for CODH. This makes it a prime candidate for testing 

for carboxidotrophy in this study. This comparison is being performed with a CODH/ACS alpha subunit type 

enzyme since is the one present in M. thermautotrophicus.  

1.1.1 Further selection by literature search 

To further refine the list an extensive literature search for promising physiological observations was performed. 

M. marburgensis, has been studied regarding the metabolism of CO growth on this substrate alone has been 

unreported so far. Nevertheless it was shown that methyl-coenzyme M reductase (MCR) synthesis was induced 

by the presence of CO. Being part of the methanogenesis pathway enzymes, this phenomenon indicates the 

https://img.jgi.doe.gov/cgi-bin/m/main.cgi?section=TaxonDetail&page=taxonDetail&taxon_oid=650716053
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possibility for the so far unreported growth making M. marburgensis a prime testing candidate (Zhou et al. 

2013). 

M. jannaschii has had its genome extensively studied including a comparison to M. thermautotrophicus 

revealing some key similarities. Looking at the genome of this species, it not only codes for the CODH/ACS 

alpha subunit that was previously mentioned, but also for a CooS type CODH catalytic subunit which could be 

favourable towards its carboxidotrophic potential (Bult et al. 1996, Tersteegen and Hedderich 1999, Zhu et al. 

2004, Kaster et al. 2011). 

Methanococcus maripaludis S2 was also one of the methanogens with higher CODH sequence similarity with 

M. thermautotrophicus alpha subunit CODH. Growth on CO and formate through an H2-independent pathway 

has been reported but not on CO alone. Still, the ability to forego the hidrogenases for growth makes it a good 

candidate for resisting CO inhibition during putative carboxidotrophic growth (Costa et al. 2013). 

 
Figure 2 – Overview of the presence of possible genes involved in the putative pathway for carboxidotrophic methanogenesis in 

selective strains 

3.2. Growth characteristics of selected methanogens in the presence of CO 

All cultures were grown as described previously in the material and methods chapter, in the presence of 

different concentrations of CO or CO/H2. Methanothermobacter thermautotrophicus, Methanothermobacter 

marburgensis, Methanothermococcus jannaschii and Methanococcus maripaludis were shown to use CO/H2 

from the headspace. Furthermore, Methanothermobacter strains could also grow on CO as sole carbon and 

energy source.  

3.3. Physiological observations/effects of CO 

3.4. Inhibition by carbon monoxide 

For the purpose of testing the inhibition imparted by the presence of CO in the organisms tested, cultures grown 

in H2/CO2 (80/20%, v/v) were transferred to bottles with increasing CO concentrations. If growth was observed, 

subsequent transfers to higher concentrations were attempted. Table 1 offers an overview of the inhibition 

observed. 
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Table 1 - Inhibition by carbon monoxide on the production of methane for tested strains 

Code Number of transfers [CO] tested CH4 production 
rates (mM/h) 

mth 6 15-40% 0.06-0.02 

mmg 12 5-60% 0.32-0.06 

mja 4 5-40% 0.93-0.16 

mmp 7 5-90% 0.38-0.0004 

Inhibition by CO was observed in all adaptation studies conducted being systematically increased with higher 

partial pressures of CO. Since one of the major obstacles for utilisation of carbon monoxide by microorganisms 

is toxicity of this gas to their metabolism due to the high affinity of this compound to the metal centres of the 

organometallic enzymes, hydrogenases should be particularly sensitive. As such, it is possible that differences in 

the hydrogenase system could justify differences in the adaptability of different strains. Another possibility 

would be a response that would lower the internal levels of CO inside the cells. Ragsdale has suggested the 

presence of a gas channel inside the CODH/ACS complex that could help with such task (Figure 4). By binding 

the CO molecules to the protein complex, it reduces its toxicity to other important enzymes.  

3.4.1. Cellular CO release in methanogenic carboxidotrophic strains growing on H2/CO2 

Contrary to the intended reaction, at some CO percentages, reduction of CO2 to CO was detected accompanied 

by consumption of H2. Similar observations have been made previously for M. marburgensis. In those studies it 

was determined that CO produced came from the exchange of free with bound CO in the CODH/ACS complex. 

While often this CO acting as intermediary between CO2 and acetyl-CoA is kept inside the gas channel, it was 

demonstrated by use of labelled compounds that such exchange was occurring for that strain and was responsible 

for the production of CO. The methanogenesis pathway generates proton motive force that in turn provides 

energy that can be used on the formation of CO from CO2 (Conrad and Thauer 1983, Stupperich et al. 1983, 

Eikmanns et al. 1985, Bott and Thauer 1987)(Ragsdale 2004). 

3.5. Adaptation studies to CO 

Figure 3 gives a qualitative overview of the data collected from the GC monitoring of the successive transfers for 

M. marbugensis through a heat map.  

 
Figure 3 (left) - Heat map of consumption. Black symbolizes untested parameters, green colour intensity corresponds to rate of H2 

consumption (increasing rates from light green to dark green) and blue tone to % of CO consumed (increasing rates 

from light to dark blue). 

Figure 4 (right) – Representation of equilibrium between bound and dissolved CO in the CODH/ACS complex.  

An optimal range of adaptation seems to be located between 10-20% of CO in headspace since it was then that 

faster consumption of CO was detected (in relation to the primary catabolism using H2 as an energy source). In 

line with those observartions, the condition with 15% of CO was the first where carboxidotrophic growth was 

detected. Interestingly, decrease in relative CO consumption rates following the 1
st
 and 6

th
 transfer can be 

observed. It seems to suggest a loss of adaptation/preference to the use of CO as a substrate. Additionally the 

surge of CO consumption happened with increased shaking but not with the addition of yeast extract and the 

initial surge in CO consumption following the introduction of shaking, although substantial, seemed to regress 

almost completely in the subsequent transfer. 

The reason for such behaviour are not clear but these instances mark a point immediately following a period of 

inferior availability of primary substrates. Transfer 1 follows prolonged cell inactivity (shipped inoculum from 

DSMZ) and transfer 6 corresponds to a surge in dissolution rates of electron donors (H2 and CO). Thus, both 

times correspond to substantial relief of less favourable energetic conditions for the cells albeit due to different 
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reasons. Situations of chronic energy stress might provide an incentive for the cells to utilize all possible sources 

of electrons (including CO). The momentary spike in the use of CO following transfer 6 would therefore be due 

to faster replenishing of CO levels in the immediate vicinity of the cells. Once the cells readjust to the added 

energy availability they would reverse to using H2 a more thermodynamically advantageous energy donor as a 

primary source of electrons foregoing CO consumption.  Contrastingly, from the 7
th

 transfer onward, CO 

consumption rates increase in a sustainable way, even with frequent transfers. CO availability remains constant 

in these transfers.  The juxtaposition of these two phenomena indicates that some other process is influencing the 

CO use apart from its availability to the cell and/or the development of resistance mechanisms to inhibition. 

3.5.1. Consumption of CO by methanogenic strains 

Invariably, H2 is consumed at a faster rate than CO and, in the cases where CO is converted, it occurs after H2 

partial pressures have been lowered significantly. This would seem to indicate that H2 is the preferred electron 

donor for methanogenesis as would be expected since the conversion of CO2 with H2 for methane production is 

thermodynamically more favourable. As such, as long as H2 is present in non-limiting concentrations, this should 

be the primary electron donor. Nevertheless, it should be noted that the simultaneous formation of carbon 

monoxide, could be masking an early decrease of CO concentrations in the headspace. Beside longer incubation 

times, successive transfers of cultures, maintaining the same CO concentrations, were effective reducing the lag 

time of CO consumption. This indicates a progressive adaptation of the cultures to CO levels as has been 

observed for other CO utilizing organisms (Rother and Metcalf 2004, Sipma et al. 2006). In some cases, CO is 

metabolized to lower levels, thus diminishing its presence to levels below toxicity with growth occurring 

afterwards. However, results obtained in this study do not indicate such process since CO levels in the headspace 

only significantly decrease after H2 is consumed and cultures are substantially grown. Apart from the 

consumption of CO towards the production of methane, CO can be converted into acetyl-CoA by the 

CODH/ACS complex. This reaction requires a methyl group that can be acquired through methyltetrahydro-

methanopterin, an intermediary product of methanogenesis (Eikmanns et al. 1985). 

3.5.2. Effect of operational parameters on the growth of methanogens 

By increasing the partial pressure of the gas in the headspace, the amount of CO dissolved in the media also 

rises. CO solubility drops considerably at high temperatures which can be a hindrance to the use of this substrate 

for thermophilic and hyperthermophilic species. It’s therefore critical to regulate the partial pressures in a way 

that would circumvent this lower solubility but, at the same time, that would not be so high as to pose an 

overwhelming toxicity for cell growth. Analysis of Figure 3 indicated that such range is located within the 10-

20% CO concentrations. Presumably, 5% would be too low for CO to reach the cells and be replenished in 

significant way to sustain growth and higher concentrations are toxic needed further attempts for adaptation. 

For M. marburgensis, a clear shift in CO consumption was detected when cultures were subjected to a shaking 

speed of 70 rpm. Further increase to 120 rpm had also significant effect on CO consumption rates. 

Mass transfer between the headspace and the media is affected by shaking speed since it reduces the time 

required for the dynamic equilibrium between phases to be achieved. At a microscopic level, this means that 

dissolved gas concentrations in the immediate vicinity of the cells are more quickly restored upon their 

consumption.  

The increase in H2 availability should result in an overall increase in growth rates. Indeed this can be observed 

for all concentrations of CO tested. Curiously, the initial transfers of the controls do not seem to share this effect 

at first with growth speed only increasing substantially after the 8
th

 transfer.  

The effect of increased dissolution of CO on growth is not as straightforward due to the triple effect of this gas as 

detailed in section 3.3. The faster dissolution of gases in the media would have opposite results depending on 

whether production or consumption of CO is dominant. On the other hand, the dual nature as inhibitory 

substance and catabolic substrate are in direct opposition to each other and would either hinder or aid the 

methanogenesis. The inhibitory effect of CO for key enzymes such as hydrogenases should be compounded 

further with higher concentrations of CO. However the additional availability of a second carbon and energy 

source could result in extra yields of methane and aid cell carbon material by means of acetyl-CoA synthesis by 

ACS. 

While M. thermautotrophicus grew slightly slower in the phosphate buffer, depletion of CO after considerable 

incubation periods was more successful than with bicarbonate buffer within the limited testing performed .The 

impetus behind this difference is likely attributed to lower levels of overall dissolved CO2 in the media that 

would drive the equilibrium towards the CO2 + H2 formation and thus contribute to a higher availability of 

methanogenic substrates. 

From the first 3 transfers, it could be observed that growth rates were steadily diminishing for all incubation, 

including the controls without CO. With the assumption that this might be due to lower levels of growth 

supplements, following the 3
rd

 transfer, yeast extract was increased from 2.5 g/L to 5 g/L. This resulted in an 

overall increase of the growth rate of the cultures in the 4
th

 transfer series. Furthermore, growth rates stabilized in 
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the control for subsequent cultures. Regarding CO consumption rates, no significant difference could be 

detected. Yeast extract is composed of a mixture of nutrients. While it increases the availability of nutrients 

needed for growth, these results indicate that is does not significantly affect the ability of the cells to 

resist/consume CO. 

3.5.3. Carboxidotrophic growth 

As previously mentioned, autotrophic growth on CO as a sole carbon and energy source (carboxidotrophy) was 

only successful for two of the tested microorganisms: M. thermautotrophicus and M. marburgensis. While M. 

thermautotrophicus ability to grown on this substrate alone was previously reported (Daniels et al. 1977), M. 

marburgensis was not part of the group of known carboxidotrophic methanogens with this work being the first 

description of such capability. Growth on CO for M. marburgensis was first achieved with inoculum from the 

5th transfer series after long periods of incubation. Whilst medium turbidity was visualized in advance, methane 

production was not detectable until an incubation period longer than 150 h for cultures growing at 15% of CO 

(partial pressures of 0.26 bar). As for concentration of 10 and 20%, it took 450 and 600 h for methane to be 

detected in the headspace.  From the 6
th

 transfer series onwards, new inoculations from bottles with H2/CO into 

bottles with only CO always resulted in carboxidotrophic growth in the range of 10-20% of CO in the headspace. 

Furthermore, the initial lag period diminished in bottkes inoculated with cultures furter along in the H2/CO 

transfer series. Additionally, both the adaptation period and growth rate were faster in new CO bottles inoculated 

from cultures already growing on CO. Furthermore, transfer of culture growing on CO back to control bottles 

without CO in the headspace, resulted in a loss of carboxidotrophic ability which indicated a reversal of the 

adaptation mechanism for this archaea.  

3.5.4. Presence of hydrogen in headspace 

In the cultures growing with CO as the only electron source, basal levels of H2 were detected in the headspace. 

The minute levels of hydrogen present in time 0 could be explained either by the transfer of dissolved hydrogen 

in the media from the previous inoculum or due to trace levels of hydrogen in the tubing of the gas exchanger. 

Nevertheless, low level accumulation of H2 (< 0.1mM) is clearly visible in the bottles with CO as only electron 

source. This build-up is sustained until production of CH4 starts. At this point, the rate of consumption of CO 

quickly increases and the hydrogen levels drop below the detection limit. Concordantly, CO2 levels seem to 

slowly rise at an early stage with a marked increase accompanying the quick consumption of CO and CH4 

production. It should be noted, however, that CO2 in the headspace is at equilibrium with the bicarbonate in the 

media, making its assessment for stoichiometric purposes problematic. Presumably, H2 production is a 

consequence of CODH slowly oxidizing CO according to the biological water gas shift reaction. Subsequently, 

that H2 can be converted in the presence of CO2 through the well-defined reaction for hydrogenotrophic 

methanogenesis explaining the depletion measured. Another route is exists where the electrons formed by CO 

oxidation are directed towards the required steps of methanogenesis independently of H2 formation. Both of 

these processes result in the overall stoichiometry represented by Equation 3.  
Equation 3 4 𝐶𝑂 + 2 𝐻2𝑂 → 𝐶𝐻4 + 3𝐶𝑂2 

This would explain the accumulation of CO2 despite production of methane. While CO2 is an intermediary 

product in the conversion of CO to CH4, to provide enough electrons for the methanogenesis, a surplus of CO2 

must be produced beyond the carbon needs of the pathways in order to provide reducing power for steps 4 and 5 

of methanogenesis. It should be noted that, unlike what happens during growth with H2/CO2, the overall 

stoichiometry indicated by Equation 3 does not result in a variation in total moles of gas. Consequently, closed 

system serum bottles with cultures growing according to this reaction should maintain a constant pressure in the 

headspace. That was indeed what was observed experimentally. There is, however, insufficient information to 

fully determine if hydrogen formation is a necessary intermediate in carboxidotrophy of M. marburgensis. The 

trend observed could suggest that H2 is potentially produced as an electron carrier but is being immediately 

consumed at a superior rate dropping its levels in the headspace sharply. Hydrogen measured would therefore be 

excess molecules that are being leaked into the media and subsequently the headspace.  However the hypothesis 

that an excess of electrons is being generated and partly converted by hydrogenases into molecular hydrogen 

simply as an unnecessary side product cannot be discarded. Ultimately, the need for production of molecular 

hydrogen would depend on the mechanism being utilized in the reducing steps of methanogenesis. Mechanisms 

for H2 independent methanogenesis in hydrogenotrophy are known to occur using electron carriers such as 

ferredoxins (Costa et al. 2013). 

3.5.5. Visual observations 

Cultures growing on CO have a notable different outward appearance. Cells acquire lighter shading compared to 

ones grown on the other tested gas mixtures. Microscopic observation show that cell size decreases with increase 

the amount of CO in the media/decrease of H2. Furthermore, there is a very noticeable visual difference between 

pellets obtained from the different conditions.  
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Figure 5 – Microscopic observation of M. marburgensis cultures using different combinations of electron donors. 

While merely a circumstantial observation, during attempts of cell lysis of cultures grown in atmosphere with 

and without CO, it was noted that cells grown in CO alone were noticeably harder to lyse (vide chapter 3.6.1). 

This could also be attributed to the changes in the cell wall that make it more resilient. 

Adaptations of the cell wall of M. thermautotrophicus in response to environmental conditions in syntrophy have 

been reported previously (Nakamura et al. 2006). While the observation was made amidst comparison of pure 

culture with a co-culture, the author postulated that this archaea increases the thickness of its wall as a response 

to the low partial pressures of H2 it is being subjected to.  If indeed that is the case, considering the experimental 

conditions tested, it seems likely that a similar process would be emerging. Such phenomena could, at least 

partly, explain the differences detected. Observations conducted in this work would seem to indicate the reported 

changes extend to M. marburgensis. Whether this is only due to H2 as hypothesised by Nakamura or if another 

feature, such as CO presence, also plays a role remains uncertain. Substantial differences between the control 

and 20% CO would seem to suggest that the presence of CO might also be a factor considering that the decrease 

in H2 partial pressures is not substantial. Following the same logic as previously, if the cell wall can change due 

to low H2 partial pressure, then it could change as a defence to CO. Being a polar molecule, the same 

mechanisms that prevent redundant proton exchange through the membrane would help keep CO from entering 

the cell which in turn would help with CO toxicity. There is, however, not enough data to conclude a direct 

correlation of this nature.  Differences in archaeal cell walls have been linked to adaptations to chronic energy 

stress conditions. By having a more tight structure to their walls, archaea can prevent redundant proton 

exchange, making them more energy efficient (Valentine 2007). In conditions with low levels of H2, this is 

certainly an advantage. It coud be postulated that this is a further refinement of this phenomena. When the 

preferential electron donor, H2, is removed from the headspace, we induce a state of chronic energy stress in the 

cells. 

3.6. Proteomic studies of carboxidotrophic cultures 

3.6.1. Optimization of protein extraction and quantification protocols 

Initially, cell lysis was performed by the standard method used in the Microbiology Laboratory of Wageningen 

University which is based on sonication aided by the presence of surfactants (SDS). While previously tested 

successfully for bacterial strains and control samples of M. marburgensis, this lysis protocol proved ineffective 

for samples with H2/CO and CO. In order to bypass this resistance, increasing the number of sonication cycles 

was attempted. While the number of cells detected under the microscope diminished with increasing cycles, lysis 

yield was not substantial until over 30 cycles for cells grown with CO. Furthermore, there was a noticeable 

difference between lysis for the different conditions. Cells grown on CO were the most resilient. Unfortunately 

this high number of cycles can also have a detrimental effect towards protein yields. Considering the poor results 

obtained, an alternative method of cell lysis for was needed. There are several methods for cell lysis, all of them 

with their own set of advantages and drawbacks. Ultimately, taking in account previous results in other similar 

research and the equipment and reagents readily available in the laboratory, a French press method was chosen. 

This method proved to be highly effective but required a relatively big volume of sample (> 3-5 ml) therefore 

producing a very dilute sample for the operational conditions tested. While the primary purpose for optimization 

of the lysis protocol was intended for protein extraction towards proteomic analysis, lysis for other purposes 

might be impossible with this method. More specifically, for enzyme activity assays, anaerobic conditions (or as 

close to it as possible) need to be maintained. Consequently, the French press method cannot be utilized for this 

purpose. 

4. CONCLUSION 

The number of carboxidotrophic organisms documented in literature is seems to be grossly underestimated. 

Since it is not a commonly tested substrate, potential for growth can easily be overlooked and CO inhibition can 

induce false negatives. Surpassing this inhibition often requires time consuming and/or labour intensive 

H
2
 H

2
 + 20% CO 20% CO 
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adaptations through long term incubations or multiple transfers with gradual increase of CO percentages. 

Consequently, while a physiological approach to this problem is a necessary starting point, a readjustment of the 

testing parameters with the added knowledge gained from each newly determined carboxidotroph could be 

extremely beneficial. As such, detailed comparative genomic and proteomic analysis of the strains known to 

possess the desired ability to grown on CO alone in different experimental conditions are essential to provide 

further insight into the mechanisms behind carboxidotrophy and expand the knowledge on this field of study.  In 

this study, several different hydrogenotrophic methanogens were selected through genomic comparison to a 

known methanogenic carboxidotroph, M. thermautotrophicus, and tested for their capability to utilize CO for 

production of CH4. Out of the tested species, only M. thermautotrophicus and M. marburgensis were observed as 

capable of utilizing CO as a sole energy source. For the latter, this work marks the first report of 

carboxidotrophic growth.  Growth on CO is a complex process that is not fully understood. Observations in this 

work for M. marburgensis seem to confirm the presence of several parameters that affect such ability. In 

particular, mass transfer rates (affected by shaking) and specific ranges of CO partial pressures were crucial to 

the success of carboxidotrophy. Moreover, while M. thermautotrophicus ability to adapt to grow on CO alone is 

extensively reported, within the parameters tested, it was harder to achieve and growth rates were considerably 

lower than the ones observed for M. marburgensis. It should be noted that, while adaptations for 

carboxidotrophic growth in other strains were unsuccessful, this does not mean necessarily that they are 

incapable of such. Merely that, in the conditions tested and within the limited timeframe of this study, such 

growth could not be observed. It is feasible that extra transfers and longer incubation times might be fruitful 

were this study was not. Likewise, several operational parameters could be further readjusted such as media 

composition, shaking speed, partial pressures of headspace components, etc. The combination of these factors 

provides a myriad of potential combinations to test. For the confirmed carboxidotrophic strains, M. 

thermautotrophicus and M. marburgensis, a comparative proteomic was begun. However, the results of that 

analysis still need to be thoroughly examined and could not be included in this thesis because of time limitations. 

Carboxidotrophs are slow growers and cell yields were extremely low. This resulted in very long experiments 

and the need to grow high volumes of cell culture for protein isolation. Another drawback was the need to 

optimize cell disruption for protein extraction. First trials with sonication did not result for efficiently breaking 

the archaeal cell membranes. Further tests with the French press were necessary for successful protein extraction 

from the methanogenic cultures. 
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