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Abstract 

Anaerobic bacteria are promising biocatalysts for producing industrially relevant high-value 

chemicals from various non-food feedstocks. While solventogenic clostridia are excellent 

alcohol producers, acetogenic bacteria have the distinction of being able to utilize C1 carbon 

sources and can thus help reduce greenhouse gas emissions. While several anaerobes are 

genetically accessible, various genetic tools are not yet established. In this work, new 

molecular tools for anaerobes are presented. This includes the establishment of heterologous 

pathways to provide additional ATP and to produce the biocommodities butanol and acetone. 

Genes of the arginine deiminase pathway were heterologously expressed in Acetobacterium 

woodii to overcome energetic limitations during autotrophic growth since the conversion of 

arginine to ornithine, ammonia, and CO2 provides ATP and finally boosts growth of 

recombinant A. woodii strains. The enhanced energy supply by the arginine deiminase 

pathway opens the door for the establishment of new recombinant pathways that require 

huge amounts of ATP. In addition, the application of the fluorescence-activating and 

absorption-shifting tag (FAST) as oxygen-independent fluorescent reporter protein further 

extended the molecular toolbox of anaerobes. As it turned out, FAST is perfectly suited for the 

construction of fluorescent FAST-tagged fusion proteins without negatively affecting the 

stability and functionality of the native enzyme. Both, the bifunctional aldehyde/alcohol 

dehydrogenase AdhE2 and the acetoacetate decarboxylase Adc from C. acetobutylicum were 

FAST-tagged and respective genes expressed in Eubacterium limosum. As a result, 

recombinant E. limosum strains produced 0.6 mM butanol and 1.6 mM acetone from the fluid 

C1 carbon source methanol, while production of FAST-tagged fusion proteins was tracked 

regarding fluorescence intensity during growth. In addition, the orthogonal green and red 

fluorescence of mutated FAST versions, greenFAST and redFAST, were evaluated and used for 

multicolor approaches under anaerobic conditions. Hence, the co-existence and dynamics in 

an anaerobic microbial co-culture consisting of two engineered 

C. saccharoperbutylacetonicum strains producing respective fluorescent proteins were 

monitored. Moreover, a tightly regulated inducible two-plasmid system based on the 

tcdR-PtcdB promoter system of C. difficile was constructed. The orthogonal green and red 

fluorescence of greenFAST and redFAST was used to confirm the co-existence of both plasmids 

in C. saccharoperbutylacetonicum during growth at single-cell level.  

 



2   Introduction 

1. Introduction 

1.1 Anaerobic bacteria are potent biocatalysts  

The reduction of greenhouse gas emissions to overcome the imminent climate change is one 

of the most important and simultaneously most challenging tasks that we all must face in the 

near future. In order to reach the goals of the Paris Agreement, which was adopted by the 

United Nations to limit global warming below 2 °C, and to become a net-zero emissions world 

until 2050, two major attempts must be made.1,2 First, alternative processes must be 

developed to reduce greenhouse gas emissions, and secondly, greenhouse gases must be 

directly removed from the atmosphere by carbon capture technologies. To achieve these 

goals the use of anaerobic bacteria, especially those of the class Clostridia, is of great interest 

as they can convert renewable non-food carbon sources and greenhouse gases into bulk and 

value-added chemicals.3,4  

Especially solventogenic and acetogenic clostridia are industrially relevant and intensively 

studied. Solventogenic clostridia are Gram-positive, strictly anaerobic, and spore-forming 

bacteria that can naturally produce biofuels such as butanol via anaerobic acetone-butanol-

ethanol (ABE) fermentation.5 All solventogenic clostridia, short solventogens, are closely 

related, however, can be separated into two distinct phylogenic clades (Figure 1).6 The first 

clade comprises e.g. Clostridium acetobutylicum and C. pasteurianum, while the second clade 

includes C. beijerinckii, C. saccharobutylicum, and C. saccharoperbutylacetonicum. Genes for 

butyryl-CoA synthesis, which is the precursor of butyrate, are clustered in the butyryl-CoA 

synthesis (bcs) operon in both clades and consists of crt, bcd, etfA/B, and hbd (encoding 

crotonase, butyryl-CoA dehydrogenase, electron transfer flavoproteins A and B, and 

3-hydroxybutyryl-CoA dehydrogenase, respectively).7 Compared to that, the genes of the sol 

operon which are required for solvent formation, including acetone and butanol, are different 

within clades I and II.6,8 In the first clade, the genes adhE and ctfA/B (encoding a bifunctional 

butyraldehyde/butanol dehydrogenase and acetoacetyl-CoA:acetate/butyrate-CoA 

transferase, respectively) are organized in the type I sol operon with adc (encoding 

acetoacetate decarboxylase) forming a reverse monocistronic operon. Compared to that the 

sol type II operon in solventogens of the second clade consists of ald/bld (encoding an NADH-

dependent aldehyde dehydrogenase or butyraldehyde dehydrogenase, respectively), ctfA/B, 

and adc.6,8,9 Both, acetone and butanol production via anaerobic ABE fermentation was 

industrially performed until the mid-1950s.10 However, the biological synthesis from molasses 
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is quite expensive and the product concentration achieved was relatively low.11 Recently, 

interest for acetone and butanol production via ABE fermentation has seen a new upsurge, 

since metabolic engineering approaches enhanced solvent production, improved substrate 

utilization, and robustness of cells, but most importantly solventogens can utilize non-food 

feedstocks including lignocellulosic biomass.12–14 Nevertheless, fermentation using 

lignocellulosic biomass also faces some challenges since pretreatment is complicated, 

expensive, and energy-consuming.15,16 While solventogens can make a valuable contribution 

for the sustainable production of bulk chemicals independent of fossil resources by applying 

anaerobic fermentation, acetogenic bacteria can be used for direct carbon fixation from the 

atmosphere.  

Figure 1: Phylogenetic arrangement of anaerobic bacteria relevant for this thesis based on 
their 16S rRNA sequence from the National Center for Biotechnology Information (NCBI, 
Bethesda, MD, US) database. The phylogenetic tree was rooted to B. subtilis DSM 10T. Not 
validly described strains are marked by quotation marks. Strains that are reported to be 
genetically accessible are highlighted in blue. Colored dots indicate metabolic end products 
described in literature. Products marked with ‡ are reported to be produced in traces.6,17–32 



4  Introduction 

 

Acetogenic bacteria, short acetogens, are capable of assimilating several C1 carbon sources, 

including industrial waste gases in form of so-called synthesis gas (syngas), carbon dioxide 

(CO2), or carbon monoxide (CO), as well as methanol or formate using the Wood-Ljungdahl 

pathway (WLP) for energy conservation and production of the central intermediate acetyl-

CoA.33 The genera of acetogens are quite diverse including not only Clostridium but also 

Acetobacterium, Eubacterium, or Morella just to mention a few (Figure 1).34 The majority of 

the as of yet 61 identified acetogens produce acetate as the sole metabolic end product.17 

However, an increasing number of natural products, starting from the central intermediate 

acetyl-CoA, including further acids but also alcohols are described in literature to be produced 

by various acetogens from C1 carbon sources (Figure 1).17 Their ability to grow 

chemolithoautotrophically makes them perfect candidates as biocatalysts to produce several 

products from industrial waste gases.35 Especially syngas is a promising substrate for 

acetogens since it is rich in H2, CO2, and CO and a steel mill off-gas, which accounts for 11 % 

of the total CO2 and 7 % greenhouse gas emissions worldwide.36 In 2018, the company 

LanzaTech commercialized gas fermentation in the so-called LanzaTech process.37 They make 

use of acetogens to capture and re-use steel mill off-gas in form of syngas to produce fuels 

and chemicals and directly contribute to reducing greenhouse gas emissions.38,39 The first 

reactor operates in China and produces ethanol while further plants are under construction 

and additional natural and recombinant products are aimed to being produced.40,41 

1.2 Metabolism of various C1 carbon sources  

The WLP is one of seven known pathways, which directly fixes CO2 to produce biomass and 

ATP, and is considered to be one of the oldest known biochemical pathways.42,43 It can be 

separated into two branches: the methyl and the carbonyl branch. Briefly, in the methyl 

branch, CO2 is reduced to formate and bound to tetrahydrofolate (THF), which requires ATP 

and results in formyl-THF. This intermediate is further converted to methenyl-THF, methylene-

THF, and methyl-THF. The methyl group of methyl-THF is transferred to a corrinoid iron-sulfur 

protein (CoFeSP) catalyzed by a methyltransferase. In the carbonyl branch, CO2 is reduced to 

CO and coupled together with CoA to the methyl group of methyl-CoFeSP via CO 

dehydrogenase/acetyl-CoA synthase (CODH/ACS), resulting in the central intermediate acetyl-

CoA. Acetyl-CoA can then be used for anabolism reactions or converted to acetyl-phosphate 

and acetate catalyzed by phosphotransacetylase (Pta) and acetate kinase (Ack), respectively, 

yielding 1 mol ATP.44 Since the production of 1 mol acetate from two mol CO2 requires 1 mol 
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ATP while only yielding 1 mol ATP, there is no net gain of ATP via the WLP33. However, the 

WLP is directly coupled to energy conservation, which is quite diverse within the different 

acetogenic genera.45 A membrane integral ion-translocating protein complex (Rhodobacter 

nitrogen fixation (Rnf)- or energy-converting hydrogenase (Ech)-complex), which uses 

ferredoxin as the electron donor, can pump H+ or Na+ ions out of the cell and form a 

chemiosmotic gradient.45 This gradient is then used to channel H+ or Na+ back into the cell by 

an ATPase to generate ATP. In addition, electron-bifurcating hydrogenases use electrons of H2 

yielding Fd2- and NADH or NADPH. Nowadays, acetogens can be divided into those having an 

Rnf- or Ech-complex and regarding the ions that are used to drive the ATPase.45 In summary, 

the WLP yields 0.3 mol ATP in case H2 is used as electron donor or 1.5 mol ATP when CO is 

used as electron donor for each mol acetate produced.46 Since the overall ATP gain from C1 

gases is quite low, it is often stated that acetogens live at the thermodynamic limit of life.45 

This energetic limitation can complicate metabolic engineering approaches especially when 

synthetic pathways for heterologous production are strived to implement in which huge 

amounts of ATP are required.47 Therefore, alternative ATP-generating pathways and 

substrates that benefit growth need to be explored. Recently, two promising strategies were 

examined to enhance ATP supply in acetogens including the supplementation of arginine or 

nitrate.48,49 Arginine can be utilized via the arginine-deiminase (ADI) pathway, which is well 

described and widespread among anaerobes.50,51 Enzymes necessary for arginine degradation 

include the arginine deiminase (ADI, encoded by arcA), which deiminates arginine and yields 

citrulline and ammonium, the ornithine transcarbamoylase (OTC, encoded by arcB) catalyzing 

the reaction of citrulline into ornithine and carbamoyl-phosphate, and the carbamate kinase 

(CK, encoded by arcC), which hydrolyses carbamoyl-phosphate yielding a further molecule of 

ammonium and CO2 while the phosphate group is used to phosphorylate ADP to generate 

ATP.52 In addition, the arginine:ornithine antiporter (ArcD) is capable of energetically 

independent take up arginine while exporting ornithine produced by OTC.53 The genes 

encoding the ADI pathway are present and form an operon in C. autoethanogenum and it was 

already shown that cultivation of C. autoethanogenum using arginine as nitrogen source 

resulted in a growth boost and higher ATP yields.48 Even though genes of the ADI pathway are 

present in the genome of other acetogens such as A. woodii and E. limosum, the genes are not 

clustered and arcD is not even annotated. Therefore, metabolic engineering approaches are 

essential to make use of the energy-providing ADI pathway in these acetogens.  
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A further attempt to overcome energetic barriers is the use of alternative non-gaseous C1 

carbon sources. The process of gas fermentation in general faces some challenges since the 

mass transfer of gases into the liquid phase is quite poor, and therefore, limits microbial 

productivity.54 One alternative to the C1 gases is the use of methanol. Methanol is liquid, 

completely soluble in water, and easy to store and transport.55 The industrial and catalytic 

production of methanol started in 1923 by Mathias Pier at Badische Anilin- & Sodafabrik 

(BASF, Ludwigshafen am Rhein, Germany). The BASF-process used CO-, CO2-, and H2- 

containing syngas and operated at 300 atm and 300 – 400 °C using a zinc chromite catalyst.56 

Over the years, the methanol production process was improved by operating at lower 

pressure using the Imperial Chemical Industries (ICI, London, England, UK) process and 

development of new catalysts, which were highly selective for methanol synthesis.56 Today, 

approximately 110 million tons of methanol are produced worldwide every year, of which 

most are produced from syngas-derived fossil resources such as natural gas and coal.57,58 

Renewable production of methanol from biomass, biogas or waste stream-stemming syngas 

is with 0.2 million tons per year rather low, however, would make it a sustainable carbon and 

energy source.59 Several acetogens can metabolize methanol via the WLP such as A. woodii, 

Butyribacterium methylotrophicum, E. limosum, or Morella thermoacetica.60–63 Methanol 

enters the WLP as methyl-THF in a reaction catalyzed by the methanol:THF-methyltransferase 

system (MtaABC), which consists of three proteins.64,65 The first methyltransferase (MtaB) 

transfers the methyl group of methanol to the corrinoid cofactor of MtaC (a corrinoid protein 

(CoP)), which serves as the intermediate methyl group acceptor. The second 

methyltransferase (MtaA) transfers the methyl group bound to MtaC to the methyl acceptor 

THF.66,67 Methyl-THF is then further oxidized to CO2 in the reverse direction of the methyl-

branch of the WLP, yielding six reducing equivalents used to reduce CO2 to CO in the carbonyl-

branch and 1 mol ATP.68 Therefore, the conversion of methanol also requires CO2 as electron 

acceptor. As described above, the methyl group of methyl-THF is transferred to CoFeSP, finally 

condensed with CO and CoA, catalyzed by CODH/ACS, and results in acetyl-CoA. Overall, 4 mol 

methanol and 2 mol CO2 are necessary to produce 3 mol acetate. In case of A. woodii and 

E. limosum, methanol utilization via the WLP yields 0.83 mol ATP for each mol acetate 

produced and is, therefore, more efficient than cultivation with H2 + CO2.67,68 In general, the 

utilization of methanol outperforms other C1 carbon sources, especially C1 gases, regarding 

energetic efficiencies.69,70 
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1.3 Natural production of value-added biochemicals 

As mentioned before, acetogens can produce a variety of products from C1 carbon sources. 

While A. woodii mainly produces acetate as metabolic end product, E. limosum is a potent, 

well-known butyrate producer, especially when cultivated using methanol as a carbon source 

(Figures 1 and 2).62,71 Butyrate production with E. limosum starts from the central WLP 

intermediate acetyl-CoA and is comparable to butyrate formation of solventogens, e.g. 

C. acetobutylicum (Figure 2). The genes thl (encoding thiolase), hbd, crt, bcd, and etfA/B form 

an operon in E. limosum, which apart from thl, are also part of the bcs operon in 

solventogens.72 Therefore, respective gene products catalyze the reaction of two molecules 

of acetyl-CoA to butyryl-CoA. The two reactions catalyzed by Hbd and Crt are both NAD(P)H-

dependent, whose supply is limited when cultivated on H2 + CO2 and consequently results in 

low or even no butyrate production.72–74 However, since the oxidation of the methyl group 

during methanol cultivation yields NAD(P)H, the ratio of acetate:butyrate production shifts in 

favor of butyrate, which in consequence regenerates NAD(P)+.75,76 In solventogens, the 

formation of butyrate from butyryl-CoA is catalyzed by the enzymes phosphotransbutyrylase 

(Ptb) and butyrate kinase (Buk) yielding ATP (Figure 2). The genome of E. limosum encodes 

two genes coding for Ptb (Ga0213646_11734 and Ga0213646_111765). However, there is no 

gene annotated coding for Buk.77,78 On the other hand, the activity of potential 

acetate/butyrate kinases was determined in cell-free extract of E. limosum, indicating that 

Ptb/Buk is also involved in butyrate production in E. limosum.79 Overall, the formation of 

butyrate from methanol results in 1.5 or 2 mol ATP/butyrate, which depends on whether the 

methylene-THF reductase of the WLP is electron-bifurcating or not, respectively.80 Natural 

butyrate production is also described for other acetogens harboring genes of the bcs operon 

in varying versions, including B. methylotrophicum, E. aggregans, C. scatologenes, 

C. carboxidivorans, and C. drakei.60,81–83 C. carboxidivorans and CO-adapted strains of 

B. methylotrophicum can convert butyrate further to the corresponding alcohol butanol 

naturally (Figures 1 and 2).84–86 Recently, native butanol production was also observed for 

E. limosum cells cultivated with methanol and formate as carbon source.22 Albeit, just traces 

of butanol were produced, which might be due to an overflow metabolism similar to 

2,3-butanediol production known for C. ljungdahlii, C. autoethanogenum, and 

C. ragsdalei.22,87 Butanol is a bulk chemical and precursor from acrylate and methyl acrylate 

esters, which are widely used in several industrial branches. More importantly, butanol, 
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especially bio-based butanol, can be blended into gasoline and is, when compared to ethanol, 

less corrosive, has a lower vapor pressure, and a higher energy content.11 However, compared 

to the industrially well-established ABE fermentation of solventogens, commercial butanol 

production with acetogens from C1 carbon sources was not achieved yet.5 Besides butanol, 

several acetogens such as C. ljungdahlii, C. autoethanogenum, C. ragsdalei, 

C. carboxidivorans, C. drakei, C. coskatii, and C. scatologenes can naturally produce ethanol 

from C1 gases (Figure 2).88,89 This natural alcohol production by acetogens most likely depends 

on the action of an aldehyde:ferredoxin oxidoreductase (Aor), since this enzyme regenerates 

ferredoxin needed in the WLP and therefore also maintains redox balance.90–92 Even though 

different acetogens show a broad range of industrially relevant products, the product titers 

  

Figure 2: Schematic overview of the Wood-Ljungdahl-pathway coupled with production 
pathways starting from the central intermediate acetyl-CoA for the natural or recombinant 
formation of biocommodities. Ack, acetate kinase; Adc, acetoacetate decarboxylase; AdhE, 
bifunctional aldehyde/alcohol dehydrogenase; Aor, aldehyde:ferredoxin oxidoreductase ; 
Buk, butyrate kinase; Bcd*, butyryl-CoA dehydrogenase (*includes electron-transferring 
flavoproteins B and A) ; Crt, crotonase; CtfA/B, acetoacetyl-CoA:acetate/butyrate-CoA 
transferase; Fak, fatty acid kinase; Hbd, 3-hydroxybutyryl-CoA dehydrogenase; Pta, 
phosphotransacetylase; Ptb, phosphotransbutyrylase; Ptf, phosphotransferase; Thl, thiolase.  
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are often low and therefore not yet applicable. Other products such as acetone, which is also 

part of ABE fermentation of solventogens, cannot be produced naturally with acetogens. 

Therefore, the use of metabolic engineering to improve natural production and to establish 

new non-native pathways producing novel products is of great interest.  

1.4 Anaerobic production of hexanoate  

The interest in microbial production of the C6 carboxylic acid hexanoate increased in recent 

years, since it is a versatile platform chemical in the pharmaceutical, food, and chemical 

industry and can be used as a precursor in biofuel production.93 As of yet, the production of 

hexanoate is reported for 16 microorganisms such as C. kluyveri, Caproicidiproducens 

galactitolivorans, Ruminococcaceae bacterial strain CPB6, several species of the genus 

Megasphaera, as well as for the acetogens E. limosum, C. scatologenes, C. drakei, and 

C. carboxidivorans.19–21,62,79,83,94–98 The most prominent and yet best-characterized hexanoate 

producer is C. kluyveri, which uses ethanol and acetate as electron donor and acceptor, 

respectively, to perform chain elongation via reverse β-oxidation.94 However, substrates used 

for chain elongation can vary. Strain CPB6 uses lactate for chain elongation, growth of 

Cp. galactitolivorans and Megaspheara strains all depend on sugar, while acetogens produce 

hexanoate from C1 carbon sources.19,20,83,95 In the acetogens, C. scatologenes, C. drakei, and 

C. carboxidivorans chain elongation starts from acetyl-CoA, which is converted to butyryl-CoA, 

and finally to hexanoyl-CoA catalyzed by the enzymes Thl, Hbd, Crt, Bcd, and EtfA/B. Since 

these enzymes catalyze the formation of both butyryl-CoA and hexanoyl-CoA, the operon 

encoding respective genes was termed hexanoyl-CoA synthesis (hcs) operon (Figure 2).83 

Interestingly, the only acetogen yet described that is capable to convert the C6 carboxylic acid 

further to the corresponding alcohol hexanol, again most likely due to the action of Aor, is 

C. carboxidivorans (Figure 2).83,99 Another attempt to produce hexanoate is the use of 

microbial mixed cultures.97,100,101 Metagenomic analysis of such mixed cultures revealed that 

besides C. kluyveri other Clostridium spp. are dominant members of mixed cultures, harbor 

genes for chain elongation, and are capable to produce hexanoate.102–105 Since most of these 

bacteria are not yet isolated in pure culture, much less validly described, efforts are made to 

identify new potent hexanoate producing anaerobes from such mixed cultures. 
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1.5 Metabolic engineering of anaerobes  

The application of acetogens for new carbon capture technologies is auspicious, and 

therefore, the establishment of new molecular tools with different levels of possibilities for 

metabolic engineering is indispensable.26 Although great efforts have been made to examine 

the genetic accessibility of acetogens in recent years, only for the few acetogens A. woodii, 

C. ljungdahlii, C. autoethanogenum, and E. limosum a suitable genetic toolbox is available. For 

other acetogens such as M. thermoacetica, B. methylotrophicum, C. coskatii, 

Thermoanaerobacter kivui, or C. carboxidivorans, only a few reports of engineered strains are 

available or are not examined in detail yet.28,106 Overall, metabolic engineering is challenging 

for most acetogens. 

The easiest, effective, and often used technique to transform acetogens with foreign DNA is 

electroporation, which can be applied for A. woodii, C. ljungdahlii, C. autoethanogenum, 

M. thermoacetica, C. coskatii, E. limosum, or B. methylortrophicum.27,28,107–113 However, other 

methods are possible as well. Since restriction-modification systems are often the first barrier 

to transfer DNA into acetogens, conjugation can be applied since DNA is transferred from the 

donor, often E. coli, to the host strain as a single-stranded molecule. This method overcomes 

the restriction-modification barrier and was successfully applied to C. autoethanogenum and 

C. carboxidivorans.114,115 In the case of transformation, the thermophile T. kivui is an 

exception, since this strain is the only naturally competent acetogen described so far, meaning 

it can take up free foreign DNA naturally.116 The recombinant expression of native or foreign 

genes requires stable replicating plasmids. The stability and maintenance of such plasmids in 

the acetogenic host strain depend on Gram-positive origins of replication. Therefore, plasmids 

of the pMTL80000 series are the plasmids of choice, since several replicons such as pBP1 from 

C. botulinum, pCB102 from C. butyricum, and pCD6 from C. difficile were reported to ensure 

maintenance in a broad range of acetogens.106,117 In addition, the Gram-positive replicon 

pIP404 from C. perfringens was successfully used in A. woodii, C. ljungdahlii, and 

E. limosum.112,118,119 Combination of different origins of replication located on two different 

plasmids in a single cell even enables co-existence of both, which was shown for 

C. autoethanogenum.120 Besides plasmid-based approaches, genome editing tools based on 

homologous recombination, CRISPR-Cas9, and CRISPR interference are reported for several 

acetogens.112,113,119,121–123 
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Especially, the expression of heterologous pathways in acetogens is of great interest. The first 

milestone was achieved with C. ljungdahlii, which was metabolically engineered for butanol 

production in a plasmid-based manner.108 Since butanol production of the solventogen 

C. acetobutylicum is well elucidated, it is comprehensible that expression of respective genes 

thl, crt, hbd, bcd, adhE, and bdhA (encoding butanol dehydrogenase) in C. ljungdahlii caused 

the production of 2 mM butanol from syngas. Butanol production was further improved by 

gene expression of the bcs operon together with thl from C. acetobutylicum in both 

C. ljungdahlii and C. autoethanogenum, which produced 6 mM and 25.7 mM butanol, 

respectively, from CO-containing steel-mill waste gas.109 A further product of the ABE 

fermentation, acetone, was produced from C1 gases with recombinant C. ljungdahlii and 

A. woodii strains.118,124 Acetone is an important biocommodity in the chemical industry, 

however, production is mainly based on fossil resources and linked to phenol 

production.40,125,126 As acetone is also a product of solventogenic ABE fermentation, 

recombinant production using acetogens was achieved by construction and heterologous 

expression of a synthetic acetone production operon (APO), which encodes the genes thl, 

ctfA/B (encoding acetoacetyl-CoA:acetate/butyrate-CoA transferase), and adc (encoding 

acetoacetate decarboxylase) of C. acetobutylicum. Starting from the central intermediate of 

the WLP, two molecules of acetyl-CoA are condensed to acetoacetyl-CoA catalyzed by the 

action of Thl. The CoA transferases CtfA/B transfer the CoA of acetoacetyl-CoA to acetate 

resulting in acetyl-CoA and acetoacetate. Finally, decarboxylation of acetoacetate catalyzed 

by Adc results in acetone (Figure 2). In C. ljungdahlii, acetone is further converted to 

isopropanol via a secondary alcohol dehydrogenase. Only with a deletion strain, in which the 

respective gene (CLJU_c24860) is deleted, acetone production is feasible.127,128 Besides 

butanol, acetone, and isopropanol, further products were successfully recombinantly 

produced, such as mevalonate, isoprene, acetoin, 3-hydroxybutyrate, 

poly(3-hydroxybutyrate), isobutanol, or hexanoate.27,47,83,112,119,129,130 Although the product 

spectrum of acetogens is growing, product yields are still low. Hence, several strategies were 

implemented to achieve improved production. For manipulation of gene expression levels, 

different promoters, including constitutive and inducible systems, have been established in 

several acetogens.106 However, the activity and strength of most promoters have not been 

examined in detail, since enzymatic assays are time-consuming, while the use of fluorescent 

reporter proteins is challenging in general in anaerobes.26 Fluorescent proteins (FPs) are 
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commonly used in molecular biology, however, the fluorescence of the most common FPs is 

oxygen-dependent or lacks brightness which limits their use in anaerobes. Therefore, the 

implementation of a strong-fluorescent reporter system that is functional under anaerobic 

conditions would expand the molecular toolbox of most of the described acetogens and 

solventogens.  

1.6 Fluorescent reporter proteins for the use in anaerobic bacteria 

1.6.1 Oxygen-dependent fluorescent reporter proteins in Clostridium spp.  

The green fluorescent protein (GFP) from the jellyfish Aequorea victoria was isolated and 

described in 1962, not anticipating that this protein would revolutionize molecular biology.131 

The potential of GFP as a strong fluorescent reporter was firstly realized in 1994, when the 

respective gene was recombinantly expressed in E. coli.132 From that time, GFP was used for a 

variety of applications in molecular biology, and Osamu Shimomura, Martin Chalfie, and Roger 

Y. Tsien were finally awarded with the Nobel Prize in Chemistry in 2008 “for the discovery and 

development of the green fluorescent protein, GFP.” 

Nowadays, FPs in general are indispensable tools in molecular biology to investigate gene 

expression levels, protein localization and movement within the cell, protein-protein 

interactions, and dynamics in microbial populations.133–140 Although the most often used FPs 

such as GFP and its derivates as well as proteins of the mFruit family were further developed 

and novel colors cover most of the spectral demands for different applications, their use is 

challenging under anaerobic conditions since chromophore formation is 

oxygen-dependent.141,142 Still, in very few instances, FPs were used in Clostridia. In these 

instances, FPs were produced under anaerobic conditions and subsequently exposed to 

oxygen to induce the active fluorescent form. This technique is called aerobic fluorescent 

recovery and was first applied for Enterobacter aerogenes, but is only suited for aerotolerant 

or facultative anaerobes.143,144 Three different oxygen-dependent FPs were examined in the 

pathogenic clostridia C. perfringens and C. difficile. The yellow fluorescent protein (YFP) was 

used in C. perfringens to localize a type IV pilus-associated ATPase (PilB) by constructing a YFP-

PilB fusion protein. YFP-PilB was detected regarding its fluorescence after oxygen exposure 

and localized at cell poles of C. perfringens.145 Moreover, a codon-optimized version of the 

cyan fluorescent protein (CFP), which is a derivate of GFP, and mCherry was used in C. difficile. 

Both reporters were used to investigate the localization of cell division proteins. Therefore, 

CFP or mCherry were fused to respective proteins and localized by determining their 
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fluorescence.146,147 In both experiments, the fluorescent fusion proteins were produced 

anaerobically, and afterward, cells were fixed and exposed to oxygen overnight. Although 

some oxygen-dependent FPs are suitable for C. perfringens and C. difficile, real-time imaging 

during anaerobic growth seems impossible for most clostridial species which are strictly 

anaerobic. However, with the increasing relevance of anaerobic bacteria, the need for strong 

fluorescent reporter proteins, which are functional in a broad range of microbes in absence of 

oxygen, gained further importance. Fortunately, several oxygen-independent fluorescent 

reporters were recently developed and used in strict anaerobic Clostridium spp. including 

flavin mononucleotide-based FPs (FbFPs), self-labeling protein tags, and the fluorescence-

activating and absorption-shifting tag (FAST). 

1.6.2 Flavin mononucleotide-based fluorescent proteins  

The most often reported FPs, which are suited for use under anaerobic conditions, are FbFPs. 

Initially, the blue-light photoreceptors YtvA from Bacillus subtilis and SB2 from Pseudomonas 

putida were engineered to develop the two FbFPs termed BsFbFP and PpFbFP, respectively.148 

In addition, the nucleotide sequence of BsFbFP was codon-optimized for usage in E. coli and 

termed EcFbFP. Moreover, further FbFPs were engineered from the blue light receptor Phot2 

of Arabidopsis thaliana and termed iLOV and phiLOV, while the brightest of the FbFPs CreiLOV 

was engineered from Chlamydomonas reinhardtii.149–151 The oxygen-independent 

fluorescence of the different FbFPs is all based on the photoactive light oxygen voltage (LOV) 

domain, which noncovalently binds flavin mononucleotide (FMN), and exhibits weak green 

fluorescence after excitation with blue light.152 Since the synthesis of FMN does not require 

oxygen, the fluorescence of LOV-based FPs is oxygen-independent. Meanwhile, genes 

encoding BsFbFP, EcFbFP, and PpFbFP are commercially available under the brand name 

Everglow® and were established in different strict anaerobes for various applications. Initially, 

PbFbFP (everglow®-Pp1) was used in C. cellulolyticum and EcFbFP (everglow®-Bs2) in both 

C. acetobutylicum and C. tyrobutyricum to investigate promoter strength regarding their 

fluorescence intensity, which is the most common application for FPs in general.153–155 In some 

cases, the nucleotide sequence of FbFP was codon-optimized for the desired host strain as 

reported for the solventogen C. beijerinckii or the acetogen B. methylotrophicum.28,156 Besides 

promoter activity studies, PbFbFP was used to investigate transcriptional repression using 

CRISPRi in C. acetobutylicum and C. pasteurianum.157 Moreover, the functionality of a 

temperature-sensitive origin of replication was investigated in C. ljungdahlii and 
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C. acetobutylicum where the plasmid loss was monitored regarding fluorescence of EcFbFP 

and PbFbFP producing cells.158 Protein dynamics were investigated in C. difficile by using 

phiLOV to construct FtsZ (cytokinetic protein) and FliC (a flagellin protein) fusion proteins.159 

Moreover, phiLOV was shown to be functional in C. sordellii and C. acetobutylicum.159 CreiLov 

was used to investigate inducible promoters to establish a CRISPR-Cas9 genome editing tool 

in E. limosum.112 Interestingly, CreiLov was reported to be brighter than other LOV proteins, 

however, was shown to be not functional in C. acetobutylicum.160 

While the different FbFP versions were successfully produced in various solventogens and 

acetogens, all of them feature the same weaknesses. Since the fluorescence of all described 

FbFPs is based on the LOV domain, they only produce cyan-green fluorescence in the range of 

495 nm, which is often in the same range as autofluorescence of the host cell.147,161 More 

importantly, the fluorescence signal is weak, often below the detection limit, and, therefore, 

indistinguishable from autofluorescence.162 As a result, brighter and more flexible reporters, 

which can be adapted to the spectral needs of the experiment, are needed.  

1.6.3 Ligand-dependent self-labeling fluorescent proteins  

Ligand-dependent self-labeling FPs do not fluorescence on their own, but only when they 

covalently bind a fluorescent ligand, even in absence of oxygen. The most often used self-

labeling proteins are the HaloTag, an engineered version of a haloalkane dehalogenase from 

Rhodococcus rhodochrous, the SNAP-tag, which is an engineered version of the Homo sapiens 

O6-alkylguanine-DNA alkyltransferase, and CLIP-tag, which is a mutagenized version of the 

SNAP-tag.163–165 Even though all three proteins were used for applications in anoxic 

environments, they were only sparsely used in Clostridium spp.166 The SNAP-tag was used to 

study proteins involved in sporulation of C. difficile by constructing different fusion 

proteins.167,168 Moreover, the SNAP-tag was fused to GusA and used as a bifunctional reporter 

in C. acetobutylicum to measure the strength of the constitutive Pthl promoter.160 Since there 

are various fluorescent ligands available, the fluorescence of HaloTag and SNAP-tag can be 

chosen to be orthogonal to that of other FPs and therefore combined to investigate anaerobic 

bacterial co-cultures.169 Although self-labeling proteins show bright fluorescence in 

C. acetobutylicum and C. ljungdahlii, they also harbor some major disadvantages.170 Both, the 

SNAP-tag and HaloTag are considerably large with masses of 19.4 and 33 kDa, respectively, 

which might be problematic for the construction of fusion proteins. Moreover, both SNAP-tag 

and HaloTag suffer from long labeling times of 30- and 15-minutes, respectively.169 Although 
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the covalent binding of the fluorogen to the self-labeling proteins is strong, and, therefore, 

allows in-gel fluorescence scanning of SDS-PAGE gels, the ligands are often fluorescent on 

their own, and cells need to be washed after incubation before scanning to prevent increased 

background fluorescence.171 In addition to the ligand-dependent fluorescent proteins which 

bind their ligands covalently, the Bilin-binding fluorescent protein (BBFP) was recently 

described to be fluorescent in absence of oxygen when non-covalently bound to a ligand 

(bilirubin or biliverdin).172,173 The fluorogens are cell permeable and only fluorescent when 

bound to BBFP and produce no backroad fluorescence. However, it has yet to be proven that 

BBFPs are functional in Clostridium spp.  

1.6.4 The fluorescence-activating and absorption-shifting tag  

A game-changing brightly fluorescent reporter for applications in anaerobic environments was 

recently developed in form of the fluorescence-activating and absorption-shifting tag (FAST, 

formerly Y-FAST) protein.174 This small monomeric protein tag was engineered from the 

photoactive yellow protein of Halorhodospira halophila and is non-fluorescent on its own. 

Fluorescence depends on the binding of a so-called fluorogen, which are hydroxybenzylidene 

rhodanine derivates. Upon binding, a fluorescent FAST:fluorogen complex is formed, causing 

deprotonation of the fluorogen, which results in bright fluorescence of different wavelengths 

depending on the fluorogen used.175 This conformational change and resulting fluorescence is 

completely independent of oxygen, and therefore perfectly suited for use in anoxic 

environments.174 Because of its low molecular mass of 14 kDa, FAST is perfectly suited as a 

fluorescent tag to construct fusion proteins and track protein dynamics. Aside from that, FAST 

is fluorescent right after proper folding without the need for chromophore maturation time 

and, as a result, eminently suitable for investigating molecular processes such as protein 

synthesis or folding in real-time. In addition, the binding of the fluorogen is specific, rapid, and 

fully reversible, while unbound fluorogens are non-fluorescent and therefore do not cause 

undesired background fluorescence and ensure high imaging contrast.174 Since the small FAST 

protein and a fluorogenic ligand forms a bipartite system, both parts were further developed 

and adapted to fit several different spectral demands.  

The initially designed fluorogens are composed of a phenol-ring conjugated to a rhodanine 

heterocycle. Fluorogens with different fluorescence efficiencies and spectral properties can 

be designed by changing the substituents of the aromatic phenol-ring.175 The initially 

described hydroxybenzylidene rhodanine derivates 4-hydroxybenzylidene-rhodanine (HBR) 
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and 4-hydroxy-3-methylbenzylidene-rhodanine (HMBR; TFLime) were further developed to a 

whole collection of fluorogens emitting different colors.175 Three of them are commercially 

available, TFLime, TFCoral (4-hydroxy-3,5-dimethoxybenzylidene rhodanine; HBR-3,5DOM), 

and TFAmber (4-hydroxy-3,5-dimethylbenzylidene-rhodanine; HBR-3,5DM) resulting in green, 

red, or orange fluorescence, respectively, upon binding to FAST. Recently, new fluorogens 

were developed by replacement of rhodanine with an isosteric heterocycle resulting in 

variants that cover the visible spectrum from blue to red.176 Since beforehand mentioned 

fluorogens are all membrane-permeable and diffuse into the cell, they are not suited to 

investigate cell-surface membrane proteins. Therefore, TFAmber-NP was developed harboring 

a carboxymethyl group, which is negatively charged, and, as a consequence, not able to cross 

the plasma membrane, and only labels FAST-tagged proteins exposed to the cell surface.177,178 

Besides the adaptation of the fluorogenic ligands, the FAST protein itself was engineered and 

optimized. The fluorescence intensity was improved by inserting a single mutation in the 

fluorogen binding pocket of FAST. The newly designed protein was termed FAST2 (formerly 

iFAST) and showed an 1.7-fold improved fluorescence intensity compared to FAST.179 In 

addition, a dimerized version of FAST, as well as FAST2, resulted in 2.8-fold and 3.8-fold 

brighter fluorescence compared to FAST, respectively.179 A promiscuous FAST variant termed 

pFAST was designed to improve binding affinities and brightness.176 Protein interactions, 

including formation and dissociation, can be monitored in real-time using splitFAST.180 This 

complementary system consists of two separate non-fluorescent parts, which are only 

fluorescent again when in proximity, and, therefore, suited to tag two possibly interacting 

proteins.180 Although various fluorogens are available, which enable spectral flexibility, 

multicolor approaches using FAST are not possible as binding of these fluorogens is not 

specific, which is a major disadvantage. The color-selective FAST variants greenFAST, which 

only binds HMBR and, redFAST, which only binds HBR-3,5DOM, were developed to solve this 

problem.181 Therefore, mutated FAST variants were designed using error-prone PCR and were 

screened and selected in presence of HMBR and HBR-3,5DOM regarding green and red 

fluorescence. The green-fluorescent reporter greenFAST harbors three mutations (G21E, 

P68T, G77R), which results in selective binding of HMBR. Compared to that, redFAST contains 

five mutations (F28L, E46Q, R52A, E81V, S99N), which improve the selectivity for the red-

fluorescent dye HBR-3,5DOM.181 Most importantly, the combination of orthogonal 

fluorescence emitted by greenFAST and redFAST in presence of appropriate fluorogen 
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concentrations opens the door for multicolor approaches in anaerobes including protein 

interactions or dynamics in co-cultures, which was difficult to achieve before.  

While the group of Arnaud Gautier (Sorbonne University, Paris, France) focused on the 

establishment of their FAST variants in eukaryotic cells and E. coli, the group of Eleftherios 

Papoutsakis (University of Delaware, Newark, DE, US) showed that a codon-optimized version 

of FAST is functional in Clostridium spp. under strictly anaerobic conditions. Initially, FAST was 

established successfully as a reporter system in C. acetobutylicum.182 The fluorescence of FAST 

was used to determine the strength of the thiolase (Pthl), acetoacetate decarboxylase (Padc), 

and phosphotransbutyrylase (Pptb) promoter from C. acetobutylicum. Moreover, the influence 

on promoter strength of a mutated version of Pthl termed Pthl
sup and modified ribosomal 

binding sites of Padc and Pptb were examined regarding fluorescence intensity.182 In addition, 

FAST was used to localize the cell division protein ZapA of C. acetobutylicum by constructing a 

ZapA-FAST fusion protein, which was recombinantly produced and localized by fluorescence 

microscopy in both C. acetobutylicum and C. ljungdahlii.169,182 Moreover, the combination of 

FAST with other anaerobic FPs enabled multicolor approaches. The orthogonal fluorescence 

of FAST, HaloTag, and SNAP-tag was combined to identify each cell type of bacterial cell 

mixtures containing C. acetobutylicum and C. ljungdahlii. Therefore, FAST-producing 

C. acetobutylicum cells were separated from C. ljungdahlii cells producing the HaloTag or 

SNAP-tag.169 Moreover, C. acetobutylicum producing the ZapA-FAST fusion protein and 

C. ljungdahlii producing the HaloTag were used to show the exchange of cellular material of 

C. acetobutylicum-C. ljungdahlii cell fusions. Upon cell fusion, the green fluorescence of ZapA-

FAST in C. acetobutylicum was detected in C. ljungdahlii, while the red fluorescence of the 

HaloTag was determined in C. acetobutylicum cells.183 

Although FAST was established successfully for use in C. acetobutylicum and C. ljungdahlii, the 

potential of this system is far from exhausted and offers further exciting applications, 

especially in anaerobes. This includes protein production controls by tagging the protein of 

interest, investigating protein-protein interactions using splitFAST, or the dynamics in 

bacterial co-cultures by using greenFAST and redFAST.  
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1.7 Aims of this thesis 

The use of anaerobic bacteria for the sustainable production of value-added products is 

outstanding but simultaneously challenging, since genetic tools are not well established for 

most acetogens. Therefore, the expansion of the genetic toolbox of acetogenic and 

solventogenic anaerobes by implementing heterologous pathways and fluorescent reporter 

proteins is of great interest. Since poor energy supply can negatively impact heterologous 

production of biocommodities, the energetic barriers of autotrophically cultivated A. woodii 

strains were investigated. The first part of this thesis hypothesized that improved ATP 

production by establishing the ADI pathway from C. autoethanogenum can boost autotrophic 

growth of metabolically engineered A. woodii strains supplemented with arginine. In the 

second part of the thesis, the strong and oxygen-independent fluorescent reporter protein 

FAST was examined for various applications in the acetogen E. limosum. This part of the thesis 

aimed to track the recombinant production of fluorescent FAST-tagged fusion proteins during 

cultivation of E. limosum by establishing elementary methods for determining the 

fluorescence of the whole bacterial population and at single-cell level, including the use of 

fluorescent microplate reader, fluorescence microscopy, and flow cytometry. In addition, the 

hypothesis was evaluated that the fluorescent tag has no negative impact on the stability or 

functionality of FAST-tagged enzymes. Finally, the production of the biocommodities butanol 

and acetone from the liquid C1 carbon and energy source methanol was examined. Multicolor 

approaches are still challenging in anaerobes due to the lack of orthogonal FPs. In the third 

part of the thesis, the toolbox of solventogens and acetogens was aimed to be expanded 

further by establishing orthogonal fluorescent reporters for such multicolor approaches. 

Therefore, the recombinant production of the green fluorescent protein greenFAST and the 

red fluorescent protein redFAST was addressed in the solventogens 

C. saccharoperbutylacetonicum and C. acetobutylicum, as well as in the acetogens A. woodii 

and E. limosum. Orthogonal fluorescence of both reporters enables the examination of 

dynamics in anaerobic bacterial co-cultures. Moreover, the co-existence of a tightly regulated 

two-plasmid system can be evaluated regarding the green and red fluorescence of 

metabolically engineered C. saccharoperbutylacetonicum strains. In the fourth part of the 

thesis, the isolation and valid description of a new hexanoate producer from a mixed microbial 

culture was realized. 
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2. Results & Discussion 

All results acquired and interpreted during this thesis are part of the attached manuscripts. 

2.1 Induced heterologous expression of the arginine deiminase pathway promotes growth 

advantages in the strict anaerobe Acetobacterium woodii. 

 

Beck, M. H.; Flaiz, M.; Bengelsdorf, F. R.; Dürre, P. Induced heterologous expression of the 

arginine deiminase pathway promotes growth advantages in the strict anaerobe 

Acetobacterium woodii. Appl. Microbiol. Biotechnol. 2020, 104, 687–699. 

https://doi.org/10.1007/s00253-019-10248-9 

 

Rights and permissions 

Reprinted with permission from Springer-Verlag GmbH Germany, part of Springer Nature 

2019. 

 

The original article can be accessed via https://doi.org/10.1007/s00253-019-10248-9 
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2.2 Production of the biocommodities butanol and acetone from methanol with fluorescent 

FAST-tagged proteins using metabolically engineered strains of Eubacterium limosum. 

 

Flaiz, M.; Ludwig, G.; Bengelsdorf, F. R.; Dürre, P. Production of the biocommodities butanol 

and acetone from methanol with fluorescent FAST-tagged proteins using metabolically 

engineered strains of Eubacterium limosum. Biotechnol. Biofuels 2021, 14, 117. 

https://doi.org/10.1186/s13068-021-01966-2 

 

Rights and permissions 

Published and reprinted under CC BY 4.0 (http://creativecommons.org/licenses/by/4.0). 

 

The original article can be accessed via https://doi.org/10.1186/s13068-021-01966-2 
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2.3 Establishment of green- and red-fluorescent reporter proteins based on the 

fluorescence-activating and absorption-shifting tag for use in acetogenic and solventogenic 

anaerobes 

 

Flaiz, M.; Baur, T.; Gaibler, J.; Kröly, C.; Dürre, P. Establishment of green- and red-fluorescent 

reporter proteins based on the fluorescence-activating and absorption-shifting tag for use in 

acetogenic and solventogenic anaerobes. ACS Synth. Biol. 2022, 11, 953-967. 

 

Rights and permissions 

Reprinted with permission from ACS Synth. Biol. 2022, 11, 2, 953–967. Copyright 2022 

American Chemical Society. 

 

The original article can be accessed via https://doi.org/10.1021/acssynbio.1c00554 

 

 

 

  



Results & Discussion  55 

 

 

 

 

 

 

 

 



56  Results & Discussion 

 

 

 

 



Results & Discussion  57 

 

 

 

 



58  Results & Discussion 

 

 

 

 



Results & Discussion  59 

 

 

 

 



60  Results & Discussion 

 

 

 

 



Results & Discussion  61 

 

   



62  Results & Discussion 

 

 

 

 



Results & Discussion  63 

 

  

 



64  Results & Discussion 

 

  



Results & Discussion  65 

 

 



66  Results & Discussion 

 

  

 



Results & Discussion  67 

 

  



68  Results & Discussion 

 

  



Results & Discussion  69 

 

   



70  Results & Discussion 

 

2.4 Caproicibacter fermentans gen. nov., sp. nov., a new caproate-producing bacterium 

and emended description of the genus Caproiciproducens. 

 

Flaiz, M.; Baur, T.; Brahner, S.; Poehlein, A.; Daniel, R.; Bengelsdorf, F. R. Caproicibacter 

fermentans gen. nov., sp. nov., a new caproate-producing bacterium and emended 

description of the genus Caproiciproducens. Int. J. Syst. Evol. Microbiol. 2020, 70, 4269–4279. 

https://doi.org/10.1099/ijsem.0.004283 

 

Rights and permissions 

Reprinted under author rights. 

 

The original article can be accessed via https://doi.org/10.1099/ijsem.0.004283 
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3. Summary 

Acetogens have the potential to become biocatalysts for the production of high-value 

chemicals from C1 carbon sources at industrial scale.3,17,37 However, growth rates and 

productivities are low for most acetogens, and the product spectrum is limited. Thus, the 

development of new molecular tools for acetogens to overcome these hurdles has been part 

of recent research.26 So far, multiple genetic engineering tools and synthetic pathways for 

recombinant production of biocommodities are established, however, other elementary tools 

are not.106 Therefore, this thesis focused on expanding the molecular toolbox of acetogenic, 

but also solventogenic anaerobes by implementing pathways to recombinantly produce 

biocommodities, improving ATP supply, and establishing strong fluorescent reporter proteins.  

In the first part of this thesis, the limited ATP supply during the autotrophic growth of the 

acetogen A. woodii, which harbors a well-established molecular toolbox, was addressed. 

Supplementation of arginine and exploitation of the arginine deiminase (ADI) pathway can 

improve ATP supply, which in consequence boosts growth and finally might help to overcome 

energetic barriers.48 Therefore, the ADI pathway was established in A. woodii to improve 

autotrophic growth on H2 + CO2. The results obtained during this study are described in the 

attached publication “Induced heterologous expression of the arginine deiminase pathway 

promotes growth advantages in the strict anaerobe Acetobacterium woodii.” Initially, genes 

of the ADI pathway of C. autoethanogenum were expressed in A. woodii controlled by the 

constitutive Pptaack and the inducible Ptet promoter. The strain A. woodii 

[pMTL83151_Ptet_Boost] consumed arginine, which was supplemented as a surrogate for 

yeast extract and ammonia as the sole nitrogen source, and produced ornithine, but only 

when genes encoding the ADI pathway were expressed under both heterotrophic and 

autotrophic conditions. While heterotrophic cultivation boosted the growth of A. woodii cells, 

autotrophic growth did not. However, since the production of ornithine corresponds to ATP 

production, the assumption can be made that the genes of the ADI pathway are expressed 

and respective enzymes are functional in A. woodii under both conditions tested to provide 

additional energy. Interestingly, results of this study showed that expression of genes 

encoding the ADI pathway enabled growth on an arginine-supplemented defined medium. 

Constitutive expression of the ADI pathway genes using A. woodii [pMTL83151_Pptaack_Boost] 

resulted in rapid arginine consumption and accumulation of ornithine and the intermediate 

of the ADI pathway citrulline during heterotrophic growth, while cells did not grow under 
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autotrophic growth conditions. These results demonstrated that strong constitutive 

expression could result in the accumulation of intermediates of the pathway and can 

negatively influence growth. Still, the recombinant expression of the ADI pathway genes 

improved ATP supply in the acetogen A. woodii, which was presented for the first time in this 

study. In conclusion, the establishment of the ADI pathway as a new molecular tool and the 

supplementation of arginine as a nitrogen source has the potential to overcome energetic 

barriers emerging during the recombinant production of value-added chemicals during 

autotrophic growth and is presumably applicable in multiple acetogens.  

In the second part of the thesis, the molecular toolbox of the acetogen E. limosum should be 

expanded. So far, the recombinant production of the biocommodities butanol and acetone 

was achieved with various acetogens from C1 gases, however, was not yet reported from the 

industrially auspicious C1 carbon source methanol.108,109,118,124,128 Therefore, a potent 

methanol-utilizing and genetically accessible acetogen is needed. Both demands are fulfilled 

by E. limosum, which was used in this study to produce both butanol as well as acetone from 

methanol.62,112 In addition, FAST was established as a strong fluorescent reporter protein and 

used to construct fluorescent fusion proteins to track the production during growth. All results 

are presented in the attached manuscript “Production of the biocommodities butanol and 

acetone from methanol with fluorescent FAST-tagged proteins using metabolically engineered 

strains of E. limosum.” Butyrate, the precursor of butanol, was naturally produced by 

E. limosum from various C1 carbon sources, although the chosen substrate highly influenced 

the amount produced. The cultivation using methanol resulted in improved growth rates 

when compared to cultivation with the C1 gases H2 + CO2 or syngas, but also shifted the 

acetate:butyrate ratio in favor of butyrate. This shift confirmed the finding that methanol 

utilization via the WLP provides NAD(P)H, which in consequence is used by the NAD(P)H-

dependent enzymes 3-hydroxybutyryl-CoA dehydrogenase (Hbd) and crotonase (Crt) of the 

bcs operon to produce butyrate. The further conversion of butyrate to butanol was achieved 

by heterologous expression of the gene encoding the bifunctional aldehyde/alcohol 

dehydrogenase (AdhE2) from the solventogen and natural butanol producer 

C. acetobutylicum, using the inducible bgaR-PbgaL promoter system. The metabolically 

engineered E. limosum [pMTL83251_Pbgal_AdhE2] strain produced up to 0.6 mM butanol and 

traces of ethanol from methanol. In addition, the heterologous AdhE2 production was tracked 

during cultivation by constructing fluorescent fusion proteins. Therefore, the functionality of 
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FAST for use in anoxic environments had to be proven. Hence, the FAST-encoding gene (feg) 

was expressed in a plasmid-based manner, controlled by the PbgaL promoter of C. perfringens 

in E. limosum. Labeling of cells using TFLime resulted in bright green fluorescence, which was 

determined using fluorescent microplate reader, fluorescence microscopy, and flow 

cytometry. Besides the green fluorescence of TFLime-labeled cells, metabolically engineered 

E. limosum cells labeled with TFCoral resulted in bright red fluorescence. Subsequently, the 

fluorescence of this newly established reporter protein was further improved by expressing 

feg controlled by the constitutive PthlA promoter of C. acetobutylicum and by constructing a 

tandemerized FAST version, tdFAST2, which was codon-optimized for E. limosum. In this 

study, the functionality of FAST was described for the first time in the acetogen E. limosum. In 

order to monitor AdhE2 protein production during growth, the enzyme was FAST-tagged at 

the C- or N-terminal end. Respective FAST-tagged AdhE2 fusion proteins were produced from 

methanol using E. limosum [pMTL83251_PbgaL_C-FAST-AdhE2] and 

E. limosum [pMTL83251_PbgaL_N-FAST-AdhE2] in a plasmid-based manner. The metabolically 

engineered E. limosum cells showed bright fluorescence during cultivation and produced 0.4 

mM and 0.6 mM butanol, respectively, when genes encoding the C-terminally and N-

terminally tagged AdhE2 fusion protein were expressed. 

Furthermore, acetone production from methanol was achieved by establishing the acetone 

production operon (APO) of C. acetobutylicum, which includes the genes thlA, ctfA/B, and adc 

(encoding thiolase, acetoacetyl-CoA:acetate/butyrate-CoA transferase, and acetoacetate 

decarboxylase, respectively) controlled by the constitutive PthlA promoter in E. limosum. The 

respective metabolically engineered strain E. limosum [pMTL83251_PthlA_act] that expressed 

genes of the APO produced 0.3 mM acetone from methanol. In addition, the enzyme 

production of the APO was successfully monitored using the fluorescent reporter protein 

FAST. Therefore, the last enzyme of the APO, which is the acetoacetate decarboxylase (Adc), 

was FAST-tagged at the C- or N-terminal end, respective genes were expressed together with 

the remaining genes of the APO in E. limosum, and the fluorescence intensity of cells 

producing the fluorescent fusion proteins measured. 

E. limosum [pMTL83251_PthlA_C-FAST-Adc] produced 1.6 mM acetone from methanol while 

bright green fluorescence was determined. In comparison, the production of the N-terminally 

tagged fusion protein only resulted in traces of acetone while fluorescence was poor.  
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The use of methanol as a carbon source is an attractive alternative to commonly used C1 gases 

and perfectly suited to produce high-value products. For the first time, metabolically 

engineered E. limosum strains were used as biocatalyst for the production of the industrially 

relevant biocommodities butanol and acetone from methanol. Moreover, the establishment 

of FAST as fluorescent reporter protein improved the molecular toolbox of E. limosum. The 

presented study showed that FAST can be used as fluorescent tag to monitor protein 

production under anaerobic conditions. Moreover, it was proven that the fusion proteins were 

produced by E. limosum, were still functional, and the productivity was not negatively 

affected, dependent on which end the protein was tagged at. The establishment of FAST 

serves as a basis for various applications in anaerobes as reporter protein and might be suited 

for multicolor approaches.  

Such multicolor approaches are challenging in anaerobes due to the lack of fluorescent 

reporter proteins that are functional under anaerobic conditions.26,169 Thus, establishing 

orthogonal fluorescent reporter proteins to enable multicolor approaches is of great interest, 

especially for monitoring intracellular dynamics or dynamics of anaerobic bacterial 

co-cultures.183 The third part of the thesis focused on the realization of multicolor approaches 

in both solventogenic and acetogenic anaerobes, by making use of the mutated FAST variant 

greenFAST and redFAST.181 Both reporter proteins were established to monitor the dynamics 

in synthetic co-cultures and investigate the intracellular interaction of a tightly regulated 

two-plasmid system. All findings are described in detail in the attached manuscript 

“Establishment of green- and red-fluorescent reporter proteins based on the fluorescence-

activating and absorption-shifting tag for the use in acetogenic and solventogenic anaerobes.” 

The plasmid-based production of greenFAST by the solventogens 

C. saccharoperbutylacetonicum and C. acetobutylicum and the acetogens A. woodii and 

E. limosum resulted in bright green fluorescence. Thus, this study showed that greenFAST is 

suited as an anaerobic fluorescent reporter protein. Still, several limitations occurred. While 

up to 95 % and 98 % of C. saccharoperbutylacetonicum and A. woodii cells produced 

greenFAST, respectively, the population of greenFAST-producing C. acetobutylicum and 

E. limosum cells was heterogeneous. In addition, C. acetobutylicum cells showed distinct red 

fluorescence in the stationary phase, presumably due to cell lysis, making the application of 

redFAST challenging. So far, redFAST seems to be limited for use in 

C. saccharoperbutylacetonicum. Metabolically engineered C. saccharoperbutylacetonicum 
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cells producing redFAST in a plasmid-based manner showed distinct red fluorescence and up 

to 89 % of cells produced the red fluorescent reporter. Hence, the orthogonal fluorescence of 

greenFAST and redFAST can be combined in C. saccharoperbutylacetonicum for multicolor 

approaches. In the case of C. acetobutylicum, the production of redFAST did not result in red 

fluorescent cells, while both acetogens A. woodii and E. limosum only showed poor red 

fluorescence.   

In this study, the dynamics of a synthetic C. saccharoperbutylacetonicum co-culture was 

investigated regarding the number of greenFAST- and redFAST-producing cells. The 

combination of both reporter proteins to quantify the number of cells present in a co-culture 

was shown for the first time.  During the exponential and stationary phase, the number of 

green- and red-fluorescent cells was stable, and both strains were productive. This finding 

opens the door to producing industrially relevant products using recombinant 

C. saccharoperbutylacetonicum strains in stable synthetic co-cultures. In addition, the 

co-cultivation of redFAST-producing C. saccharoperbutylacetonicum and greenFAST-

producing C. acetobutylicum strains revealed that both cells are fluorescent and productive in 

the exponential and early stationary phase. However, in the late stationary phase, red 

autofluorescence of lysed C. acetobutylicum cells outweighs the fluorescence signal of 

redFAST, making further conclusions about co-culture dynamics impossible. Moreover, it was 

shown that when batch experiments are inoculated with one strain in excess, only this one 

prevails while the other is suppressed. Furthermore, the orthogonal fluorescence of 

greenFAST and redFAST was used to investigate intracellular dynamics in 

C. saccharoperbutylacetonicum. Therefore, the functionality of the inducible tightly regulated 

two-plasmid system based on the tcdR-PtcdB promoter system of toxicogenic clostridia was 

shown. The co-existence of both plasmids was proven by the red fluorescence of cells, which 

was due to constitutive production of redFAST controlled by PthlA and the green fluorescence 

of greenFAST controlled by the TcdR inducible PtcdB promoter. Double-positive events only 

occurred after induction of tcdR expression controlled by PbgaL. Since non-induced cells were 

sole red fluorescent, it has been shown that the two-plasmid system is indeed tightly 

regulated. Hence, this study showed the co-existence and interaction of both plasmids. This 

system can serve as the basis to evaluate the successful transformation of two-plasmids, to 

monitor plasmid curing, or in CRISPR-Cas9 approaches where a tight regulation is 

indispensable.  
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The presented study showed that the application of greenFAST and redFAST improves the 

molecular toolbox of C. saccharoperbutylacetonicum and facilitates two-color approaches. For 

the first time, multicolor approaches using fluorescent reporter proteins were applied for this 

solventogen. However, the use of redFAST as a reporter is so far limited for the use in 

C. saccharoperbutylacetonicum, as fluorescence of the other examined anaerobes was poor. 

Still, redFAST-producing C. saccharoperbutylacetonicum strains can be combined with 

greenFAST-producing microbes in synthetic co-cultures. However, the functionality of 

greenFAST must be further evaluated for potential co-culture partners.  

Bacterial co-cultures are often used as a biotechnological production platform to produce 

medium-chain carboxylic acids. One of such carboxylic acids is hexanoate, which can be 

produced via chain elongation.101 In the fourth part of this thesis, the isolation, and 

characterization of a new hexanoate producing bacterium from an anaerobic digester is 

described. The valid description of this new hexanoate-producing anaerobe is part of the 

attached manuscript “Caproicibacter fermentans gen. nov., sp. nov., a new caproate-

producing bacterium and emended description of the genus Caproiciproducens.” Strain EA1T 

was isolated from an anaerobic digester inoculated with a biogas plant sample. The isolated 

strain is a strict anaerobe, non-motile, rod-shaped, spore-forming, Gram-negative bacteria, 

which possesses a Gram-positive cell-wall structure. Most importantly, strain EA1T produces 

acetate, butyrate, lactate, ethanol, and considerable large amounts of hexanoate from 

fructose. Genome analysis revealed that the genome of EA1T consists of a circular 

chromosome of 3.9 Mb and a G+C content of 51.25 mol% and harbors all genes of the bcs 

operon. The gene products of the bcs operon might be involved in the conversion of acetyl-

CoA to both butyrate and hexanoate in strain EA1T. The major components of the cellular fatty 

acid fraction were C14:0 (23.1 %), C16:0 (13.2 %), C16:0 dimethyl acetal (DMA) (17.0 %), and C16:1 

ω7c (11.7 %) and are considerably different from the closely related strains Caproiciproducens 

galactitolivorans BS-1 and Ruminococcaceae bacterium CBP6, which are both capable to 

produce hexanoate. Summarized, phenotypic and genotypic characteristics indicate that 

strain EA1T represents a novel genus in the family Oscillospiraceae and was termed 

Caproicibacter fermentans (DSM 107079T, JCM 33110T). This study showed that 

Cb. fermentans is a novel anaerobe and a potent hexanoate producer. The presented results 

form the basis for further investigations, including synthetic biology approaches and the 

feasibility of the described strain as an industrially relevant hexanoate producer.  
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5. Abbreviations  

A.:   Acetobacterium  

ABE:   acetone-butanol-ethanol 

AcK:   acetate kinase 

Adc:   acetoacetate decarboxylase 

AdhE:   bifunctional aldehyde/alcohol dehydrogenase 

ADI:   arginine deiminase  

ADP:   adenosine diphosphate 

Aor:   aldehyde:ferredoxin oxidoreductase 

APO:   acetone production operon 

ArcD:   arginine:ornithin antiporter 

ATP:  adenosine triphosphate 

B.:   Butyribacterium  

BASF:   Badische Anilin- & Sodafabrik 

BBFP:   Bilin-binding fluorescent protein 

Bcd:   butyryl-CoA dehydrogenase 

bcs:   butyryl-CoA synthesis 

Buk:   butyrate kinase 

C.:   Clostridium  

Cb.:   Caproicibacter 

CFP:   cyan fluorescent protein 

CK:   carbamate kinase 

CO:   carbon monoxide 

CO2:   carbon dioxide 
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CoA:   coenzyme A 

CODH/ACS:  CO dehydrogenase/acetyl-CoA synthase 

CoFeSP:  corrinoid iron-sulfur protein  

Cp.:   Caproicidiproducens 

CRISPR:  clustered regularly interspaced short palindromic repeats 

CRISPRi:  CRISPR interference 

Crt:   crotonase 

CtfA/B:  acetoacetyl-CoA:acetate/butyrate-CoA transferase 

DMA:   dimethyl acetal 

DNA:   desoxyribonucleic acid 

DSMZ:   German Collection of Microorganisms and Cell Cultures GmbH 

E.:   Eubacterium 

e.g.:   exempli gratia (for example) 

Ech:   energy-converting hydrogenase 

Etf:   electron transfer flavoproteins 

Fak:   fatty acid kinase 

FAST:   fluorescence-activating and absorption-shifting tag 

FbFP:   flavin mononucleotide-based fluorescent protein 

Fd/Fd2-:  ferredoxin 

feg:   FAST encoding gene 

FMN:  flavin mononucleotide 

FP:   fluorescent protein 

GFP:   green fluorescent protein 

H2:   hydrogen 
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Hbd:   3-hydroxybutyryl-CoA dehydrogenase 

HBR:   4-hydroxybenzylidene-rhodanine 

HBR-3,5DM:  4-hydroxy-3,5-dimethylbenzylidene-rhodanine 

HBR-3,5DOM:  4-hydroxy-3,5-dimethoxybenzylidene-rhodanine 

hcs:   hexanoyl-CoA synthesis 

HMBR:  4-hydroxy-3-methylbenzylidene-rhodanine 

ICI:   Imperial Chemical Industries 

JCM:   Japan Collection of Microorganisms 

LOV:   light oxygen voltage 

M.:   Morella 

MtaABC:  methanol:THF-methyltransferase system 

NAD+:   nicotinamide adenine dinucleotide (oxidized) 

NADH:   nicotinamide adenine dinucleotide (reduced) 

NADP+:  nicotinamide adenine dinucleotide phosphate (oxidized) 

NADPH: nicotinamide adenine dinucleotide phosphate (reduced) 

NCBI:   National Center for Biotechnology Information 

OTC:   ornithine transcarbamoylase 

PAGE:  polyacrylamide gel electrophoresis 

pFAST:  promiscuous FAST 

PilB:   type IV pilus-associated ATPase 

Pta:   phosphotransacetylase 

Ptb:   phosphotransbutyrylase 

Ptf:   phosphotransferase 

Rnf:   Rhodobacter nitrogen fixation 
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rRNA:   ribosomal ribonucleic acid 

SDS:   sodium dodecyl sulfate 

sp.:   species 

spp.:   species pluralis 

syngas:  synthesis gas 

T:   type strain 

T.:   Thermoanaerobacter 

THF:   tetrahydrofolate 

Thl:   thiolase 

WLP:   Wood-Ljungdahl pathway 

YFP:   yellow fluorescent protein 
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6. Publications  

6.1 Chronological list of publications  

Flaiz, M.; Baur, T.; Brahner, S.; Poehlein, A.; Daniel, R.; Bengelsdorf, F. R. Caproicibacter 

fermentans gen. nov., sp. nov., a new caproate-producing bacterium and emended 

description of the genus Caproiciproducens. Int. J. Syst. Evol. Microbiol. 2020, 70, 4269–4279.  

Beck, M. H.; Flaiz, M.; Bengelsdorf, F. R.; Dürre, P. Induced heterologous expression of the 

arginine deiminase pathway promotes growth advantages in the strict anaerobe 

Acetobacterium woodii. Appl. Microbiol. Biotechnol. 2020, 104, 687–699.  

Flaiz, M.; Ludwig, G.; Bengelsdorf, F. R.; Dürre, P. Production of the biocommodities butanol 

and acetone from methanol with fluorescent FAST-tagged proteins using metabolically 

engineered strains of Eubacterium limosum. Biotechnol. Biofuels 2021, 14, 117.  

Flaiz, M.; Baur, T.; Gaibler, J.; Kröly, C.; Dürre, P. Establishment of green- and red-fluorescent 

reporter proteins based on the fluorescence-activating and absorption-shifting tag for the use 

in acetogenic and solventogenic anaerobes. ACS Synth. Biol. 2022, 11, 953-967. 

6.2 Personal contribution to the scientific publications 

My contribution to the publication “Caproicibacter fermentans gen. nov., sp. nov., a new 

caproate-producing bacterium and emended description of the genus Caproiciproducens” 

includes isolation and phylogenetic characterization of Caproicibacter fermentans. Moreover, 

I determined growth characteristics, analyzed the cellular fatty acid composition, and 

deposited Cb. fermentans at the Leibniz Institute DSMZ - German Collection of 

Microorganisms and Cell Cultures GmbH (DSMZ, Braunschweig, Germany) and the Japan 

Collection of Microorganisms (JCM, Tsukuba, Japan). I prepared most of the manuscript and 

participated in revising the manuscript during revision process. 

My contribution to the publication “Induced heterologous expression of the arginine 

deiminase pathway promotes growth advantages in the strict anaerobe Acetobacterium 

woodii” includes construction and performance of autotrophic growth experiments of 

recombinant A. woodii strains expressing the arginine deiminase pathway genes.  

My contribution to the publication “Production of the biocommodities butanol and acetone 

from methanol with fluorescent FAST-tagged proteins using metabolically engineered strains 

of Eubacterium limosum” includes the performance of all presented experiments (except for 
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construction and analyzation of butanol-producing Eubacterium limosum strains, performed 

by Gideon Ludwig). In addition, I evaluated all recorded data, created all tables and figures, 

prepared, and submitted the manuscript. I revised the manuscript during revision process. 

My contribution to the submitted manuscript “Establishment of green- and red-fluorescent 

reporter proteins based on the fluorescence-activating and absorption-shifting tag for the use 

in acetogenic and solventogenic anaerobes” includes the conduction of growth experiments 

and fluorescence determination using flow cytometry. Strains were constructed in 

cooperation with Tina Baur and Jana Gaibler. In addition, I evaluated all recorded data, created 

all tables and figures, prepared, and submitted the manuscript. I revised the manuscript during 

revision process. 

6.3 Scientific contributions on conferences  

Poster contributions  

Flaiz, M.; Beck, M. H.; Bengelsdorf, F.R.; Dürre, P. Arginine deiminase pathway in 

Acetobacterium woodii. 2018. Clostridium XV. Munich, Freising, Germany. 

Flaiz, M.; Bengelsdorf, F.R.; Dürre, P. Heterologous expression of genes for 1,4-butanediol 

production with the acetogen Eubacterium limosum. 2019. C1-net. Nottingham, United 

Kingdom. 

Flaiz, M.; Bengelsdorf, F.R.; Dürre, P. Heterologous production of 1,4-butanediol using the 

acetogen Eubacterium limosum. 2019. VAAM. Mainz, Germany.  

Flaiz, M.; Gaibler J.; Ludwig, G.; Bengelsdorf, F.R.; Dürre, P. Observation of fluorescent FAST-

tagged protein production during growth of the strictly anaerobic acetogen Eubacterium 

limosum. 2020. CC-net. Nottingham, United Kingdom. 

Oral presentations  

Flaiz, M.; Beck, M. H.; Bengelsdorf, F.R.; Dürre, P. Arginine deiminase pathway in 

Acetobacterium woodii. 2018. VAAM. Wolfsburg, Germany. 

Flaiz, M.; Gaibler, J.; Bengelsdorf, F.R.; Dürre, P. Observation of fluorescent FAST-tagged 

protein production during growth of the strict anaerobic acetogen Eubacterium limosum. 

2020. VAAM. Leipzig, Germany. 
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