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1 I. Introduction 

I. Introduction 

Recently, the influence of anthropogenic climate change on our planet and our urgent need for 

intervention, to prevent worst consequences in order to enable the habitability of our planet 

for future generations, was pointed out repetitively (Schleussner et al., 2016; Figueres et al., 

2017; Steffen et al., 2018). Thereby, the topic gained more and more public attention locally 

as well as globally (Ramzy, 2019; Scientists 4 Future Ulm, 2019). However, the effect of 

atmospheric CO2 originating mainly from the combustion of fossil fuels has been pointed out 

frequently already decades before (Plass, 1956, 1959; Revelle and Suess, 1957; Schneider, 

1975; Houghton et al., 1996). In 1957, Revelle and Suess stated that “human beings are now 

carrying out a large scale geophysical experiment of a kind that could not have happened in 

the past nor be reproduced in the future” (Revelle and Suess, 1957, p. 19). But yet, mankind 

is still living far beyond its means as recently pointed out by Global Footprint Network 

determining the Earth Overshoot Day for 2019 on the 29th of July, the earliest date ever 

(Figure 1). This date is the date mankind has consumed all ecological resources and services 

“Earth can regenerate in that year” (Global Footprint Network, 2019).  

  

Figure 1: Earth Overshoot Day: the date mankind’s demand for ecological 
resources and services in a given year exceeded what Earth can regenerate in 
that year. In 2019, the calculated date has increased two months over the past 20 
years to the 29th of July. This is can be seen equivalent to the use of 1.75 Earths 
instead of one. 

Source: Global Footprint Network, www.footprintnetwork.org. This figure was 
used with permission from Global Footprint Network. 
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Even more drastically, “if everybody in the world had the same Ecological Footprint as the 

average EU resident – emitting as much carbon, consuming as much food, timber and fibers, 

and occupying as much built-up space –“ this date would move even further to the 10th of 

May (Vandermaesen et al., 2019, p. 6). Thus, in order for the so called large scale geophysical 

experiment mentioned by Revelle and Suess (1957) to produce the least disastrous result for 

our planet, we all need to drastically lower our demand especially for fossil resources (Figueres 

et al., 2017; Steffen et al., 2018; Vandermaesen et al., 2019).  

A major proportion of global CO2 emissions is represented by carbon-intensive industries, 

such as iron and steel, cement, chemicals, oil, and gas, currently emitting more than one-fifth 

of the world’s CO2, excluding their electricity and heat demands (Figueres et al., 2017). More 

specifically, the chemical industry is representing the second largest industrial source of 

carbon emissions for instance in China (Lin and Long, 2016). Thus, when it comes to 

sustainability, the chemical industry is now also moving into the spotlight, with the aim of 

replacing the fossil feedstock with renewable and more sustainable alternative raw materials, 

such as biomass (Fiorentino et al., 2019). However, at the moment, still only a minor fraction 

of the output of the chemical industry is derived from bio-based raw materials (Fiorentino et 

al., 2019). Bio-based production of amino acids, vitamins, and bulk chemicals such as ethanol 

is already established. However, the biotechnological industry steadily expands its portfolio 

by adding a variety of compounds such as polylactic acid (PLA), bioethanol-based 

polyethylene (PE), 1,3-propanediol (PDO), and succinic acid (Leimkühler, 2010). 

Nevertheless, the most prominent bio-based production routes still rely on the use of first-

generation feedstocks such as starch originating for instance from corn, potatoes, wheat, or 

from sugars mainly originating from sugar cane (Leimkühler, 2010). One the one hand, first-

generation feedstocks have a high demand for land use and thus compete with food production, 

on the other hand energy intense crop cultivation and acquisition is responsible for further 

significant CO2 emissions and thus questionable for the reduction of the overall CO2 intensity 

of the chemical industry (Leimkühler, 2010; Fiorentino et al., 2019; Halder et al., 2019). In 

addition, lignocellulosic materials emerged as a non-food feedstock for bio-based chemical 

production, while harsh, cost-intensive pretreatment using chemicals inheriting environmental 

and health hazards to deconstruct the feedstock, are the major drawbacks (Halder et al., 2019).  

A promising, low-cost alternative for the production of bulk chemicals is represented by the 

implementation of gaseous substrates directly capturing greenhouse gases such as CO2 (Halder 

et al., 2019). This new concept was recently first realized by the company LanzaTech 

presenting the first bio-based production of ethanol from industrial steel mill emissions in a 

commercial scale plant with a capacity of 46,000 tons of ethanol per year (LanzaTech, 2018). 
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Furthermore, more recently LanzaTech together with Oak Ridge National Laboratory also 

demonstrated a large scale syngas (CO, CO2, and H2) fermentation process for the production 

of acetone at commercially viable rates while additionally saving up to 180 % greenhouse gas 

emissions compared to the conventional petrochemical production route (Tschaplinski et al., 

2019). At the heart of the LanzaTech process is an acetogenic bacterium using the Wood-

Ljungdahl pathway for CO2 fixation (Tschaplinski et al., 2019). According to the definition 

of Drake these acetogenic bacteria are more precisely defined as acetogens: “obligately 

anaerobic bacteria that can use the acetyl-CoA pathway as their predominant (i) mechanism 

for the reductive synthesis of acetyl-CoA from CO2, (ii) terminal electron-accepting, energy-

conserving process, and (iii) mechanism for the synthesis of cell carbon from CO2” (Drake, 

1994, p. 12). The acetyl-CoA pathway (also known as the Wood-Ljungdahl pathway (WLP)) 

is considered to be the first CO2-reducing pathway that evolved on Earth (Russell and Martin, 

2004). The biochemistry of the WLP and most of the enzymes involved were already described 

in detail (Ragsdale et al., 1983; Wood and Ljungdahl, 1991; Hess et al., 2013; Schuchmann 

and Müller, 2013, 2014; Wang et al., 2013; Mock et al., 2015). The main product for most 

acetogens is acetate which is produced from acetyl-CoA by the action of “the enzymes 

phosphotransacetylase (Pta) and acetate kinase (Ack)” yielding one mole of ATP via substrate 

level phosphorylation (Bengelsdorf et al., 2018, p. 148). Due to the fact that within the WLP 

one mole of ATP needs to be invested to activate formate to formyl-THF, no net gain of ATP 

by substrate level phosphorylation alone is achieved during autotrophic growth (Bengelsdorf 

et al., 2018). Therefore, acetogens evolved additional mechanisms for energy conservation 

which are also suggested to be used for their bioenergetical classification as ‘Rnf-acetogens’ 

or ‘Ech-acetogens’(Schuchmann and Müller, 2014). Both mechanisms involve the 

establishment of a chemiosmotic gradient which is used to produce ATP via a membrane-

bound ATP synthase (ATPase). In the case of ‘Rnf-acetogens’, the Rnf (Rhodobacter nitrogen 

fixation) complex is used to translocate – depending on the species – either sodium ions (Na+) 

or protons (H+) across the cytoplasmic membrane (Biegel and Müller, 2010; Schuchmann and 

Müller, 2014). ‘Ech-acetogens’ on the other hand, use the energy-converting hydrogenase 

(Ech) complex, however, so far only the translocation of protons (H+) is described (Hedderich 

and Forzi, 2005; Schuchmann and Müller, 2014). The high-energy intermediate reduced 

ferredoxin is used to fuel the translocation of ions while electrons are either used to reduce 

NAD+ to NADH (Rnf) or H+ to H2 (Ech). However, to drive the endergonic reaction of 

ferredoxin reduction with H2, the reaction is coupled to the exergonic reduction of NAD+ with 

H2. This coupling mechanism named flavin-based electron bifurcation is accomplished by the 

electron-bifurcating hydrogenase (Schuchmann and Müller, 2014).  
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The reducing equivalents generated by the action of the respective energy-conserving enzyme 

complex (Rnf or Ech) and the electron-bifurcating hydrogenase are regenerated again within 

the reductive reactions of the WLP balancing the electron flow and yielding acetyl-CoA 

(Schuchmann and Müller, 2014).  

In addition, acetogens are capable to convert the central intermediate acetyl-CoA into 

“biofuels such as ethanol, butanol, or hexanol as well as biocommodities such as acetate, 

lactate, butyrate, hexanoate, 2,3-butanediol, and acetone” (Bengelsdorf et al., 2018, p. 146). 

Supported by metabolic engineering the product portfolio of acetogens can be expanded to 

other platform chemicals (Bengelsdorf et al., 2018).  

One of the most famous representatives of the acetogens is the strict anaerobe 

Acetobacterium woodii (Figure 2) which was first isolated from a marine estuary by Balch et 

al. (1977). Furthermore, A. woodii was portrayed appearing in nonsporeforming, motile 

(single, long, subterminal flagellum), oval-shaped rods frequently occurring in pairs and 

converting CO2 + H2 or organic substrates into acetate as the only major product (Balch et al., 

1977). Until today, the model acetogen A. woodii represents one of the fastest CO2-consuming 

acetogens and has already successfully been metabolically engineered allowing the production 

of acetone from CO2 + H2 (Groher and Weuster-Botz, 2016; Hoffmeister et al., 2016). 

Metabolic engineering of A. woodii also forms the centerpiece in this doctoral thesis whereas 

the most important target compound to be produced from CO2 + H2 within this work was 

3-hydroxypropionate (3-HP1). Similar to the LanzaTech approach, the overall idea is to 

consume the waste gas CO2 originating from variable sources such as the steel industry, 

chemical industry, natural gas processing, as well as off-gas from biogas plants (Petersson and 

                                                 
1 in this work the term carboxylate is used for the total of both anion and undissociated acid, thus 
3-hydroxypropionate and the undissociated form 3-hydroxypropionic acid are both abbreviated with 3-HP. 

Figure 2: Scanning electron micrographs of Acetobacterium woodii cultured in mod. DSMZ 
medium 135 using CO2 + H2 (a and b) or fructose (c) as energy and carbon source. Pictures were 
recorded using the Hitachi S-5200 scanning electron microscope. The white bar indicates the scale.  
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Wellinger, 2009; Zakkour and Cook, 2010; LanzaTech, 2018). Additional hydrogen needed 

as energy source for autotrophic production, on the other hand, may be used from water 

electrolysis. Renewable energy stored in form of hydrogen represents a good option to make 

full use of surplus wind and photovoltaic energy (Chi and Yu, 2018) rendering the whole 

concept of 3-HP production from CO2 + H2 environmentally friendly.  

3-HP is a high value platform chemical that can be converted into derivatives or secondary 

chemicals such as acrylic acid, 1,3-propanediol (PDO), methyl acrylate, acrylamide, ethyl 

3-HP, propiolactone, malonic acid, and acrylonitrile (Werpy and Petersen, 2004). In addition, 

self-condensation of 3-HP leads to poly(3-hydroxypropionic acid), a polymer with high 

biocompatibility and biodegradability, thus being recommended for surgical and drug 

releasing materials due to strong advantages with respect to conventional polymers (Zhang et 

al., 2004; Della Pina et al., 2011). The fact that 3-HP easily undergoes dehydration makes 

acrylic acid one of the most important derivatives (Figure 3), especially when considering that 

the global market for acrylic acid together with the respective esters was estimated at 

USD 20.0 billion in 2018 (Transparency Market Research, 2013; Makshina et al., 2019). 

Consequently, 3-HP and its derivatives can be used in a broad range of materials such as 

adhesives, (super absorbent) polymers, plastic packaging, fibers, cleaning agents, and resins 

(Transparency Market Research, 2013; Matsakas et al., 2018). Furthermore, there is no current 

petrochemically derived technology representing the basic chemistry of 3-HP (Werpy and 

Petersen, 2004). The consideration of all these facts has led the United States Department of 

Figure 3: The platform chemical 3-hydroxypropionic acid (3-HP) and its 
derivatives. Circled derivatives represent those in commercial use and produced in 
commodity-scale volume today. Based on Werpy and Petersen (2004) and Della 
Pina et al. (2011). 
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Energy (DOE) to recognize 3-HP as one of the top 12 value added chemicals that can be 

produced from biomass (Werpy and Petersen, 2004).  

There are numerous reports on 3-HP production, however, the vast majority follow 

heterotrophic routes for 3-HP production mainly using glycerol or sugars as a feedstock (see 

reviews: Kumar et al., 2013; Vidra and Németh, 2017; de Fouchécour et al., 2018; Matsakas 

et al., 2018). Thus, the highest 3-HP titer (83.8 g/l) so far reported was achieved via systematic 

optimization of the glycerol metabolism of Klebsiella pneumoniae (Li et al., 2016). Hence, 

also the patents filed by the company Cargill Incorporated (Wayzata, MN, USA) describe the 

production of 3-HP via the lactate-converting pathway using Saccharomyces cerevisiae and 

glucose as a substrate  (Gokarn et al., 2004, 2007, 2014). However, the use of sugars or 

glycerol (mainly produced as by-product from biodiesel production) still inherits the above 

mentioned major drawbacks as well as the ethical and environmental issues of the 

food-vs.-fuel debate (Leimkühler, 2010).  

To bypass these issues, the major goal of this doctoral thesis was the implementation of a 

heterologous biosynthesis pathway in A. woodii to facilitate the production of 3-HP using 

CO2 + H2 as substrate.  

The proposed production route is based on the connection of the Wood-Ljungdahl pathway, 

generating acetyl-CoA from 2 molecules of CO2 (Schuchmann and Müller, 2014) to a partial, 

lactate-converting acrylate pathway (Johns, 1952; Gokarn et al., 2004). 

The cross-linking of the Wood-Ljungdahl pathway to the partial acrylate pathway is 

considered to be mediated by the native reaction of the pyruvate:ferredoxin oxidoreductase 

(Pfor; EC 1.2.7.1) in combination with an introduced D-lactate dehydrogenase (Ldh; EC 

1.1.1.28) generating lactate. However, in the native acrylate pathway, as described for 

Clostridium propionicum, lactate is converted into propionate (Johns, 1952). The CoA 

transferase and lactoyl-CoA dehydratase together mediate the generation of lactoyl-CoA and 

acryloyl-CoA both natively and within the synthetic pathway (Schweiger and Buckel, 1984; 

Gokarn et al., 2004). The important difference in the proposed synthetic pathway to the natural 

situation in C. propionicum is the omission of the acryloyl-CoA reductase (Johns, 1952; Hetzel 

et al., 2003) and replacement with an enoyl-CoA hydratase converting acryloyl-CoA to 

3-HP-CoA (Gokarn et al., 2004).  

The scheme of the entire synthetic pathway including the respective enzymes necessary for 

the production following acetyl-CoA as the central intermediate is illustrated in Figure 4. 

In order to facilitate 3-HP production from CO2 + H2 in A. woodii, recombinant strains have 

to be engineered producing all enzymes necessary for the production (Figure 4). All strains 

designed need to be analyzed according to their product profile and compared to the wild type 
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strain. Since the wild type strain of A. woodii is described to utilize lactate as a substrate (Balch 

et al., 1977), the native lactate metabolism was presumed to be counteracting the proposed 

lactate converting pathway for 3-HP production (Figure 4). In addition, this hypothesis was 

supported by findings from a scientific journal article published at the beginning of this work. 

The article elaborates the preference of lactate oxidation in A. woodii using the sophisticated 

mechanism of electron-confurcation via the Ldh/Etf complex (Weghoff et al., 2015).  

With the intention to elucidate whether the native lactate metabolism is interfering with the 

lactate converting 3-HP production pathway (Figure 4) in recombinant A. woodii strains, the 

production of lactate alone was targeted as an intermediate goal of this doctoral thesis. After 

identifying competing pathways, these should be bypassed if possible (Kumar et al., 2013), 

allowing improved metabolic flux towards the desired products lactate and 3-HP, respectively.  

 

 

 

 

 

 

 

 

Figure 4: Lactate (2-HP) and 3-hydroxypropionate (3-HP) production in A. woodii from CO2 + H2 using 
a synthetic biosynthesis pathway (non stoichiometric). PFOR, pyruvate:ferredoxin oxidoreductase; LDH, 
lactate dehydrogenase; PCT, propionyl-CoA transferase; LCD, lactoyl-CoA dehydratase; EHY, enoyl-CoA 
hydratase; Fd/Fd2-, oxidized/reduced ferredoxin; CoA, coenzyme A; NAD+/NADH, oxidized/reduced 
nicotinamide adenine dinucleotide. 
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II. Material and methods 

II.1. Chemicals, antibiotics, enzymes, and gases 

Chemicals, antibiotics, and enzymes used in this work were obtained from the following 

companies unless indicated otherwise: 

 

• AppliChem GmbH, Darmstadt, Germany 

• Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

• Epicentre Technologies Corp., an Illumina company, Madison, WI, USA 

• Macherey-Nagel, Düren, Germany 

• Merck KGaA, Darmstadt, Germany 

• SERVA Electrophoresis GmbH, Heidelberg, Germany 

• Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

• Takara Bio USA Inc., Mountain View, CA, USA 

• Thermo Fisher Scientific Inc., Waltham, MA, USA  

• Tokyo Chemical Industry Co., Ltd., Tokyo, Japan 

• VWR International, Radnor, PA, USA  

• ZYMO Research Corporation, Irvine, CA, USA 

 

Antibiotics used in this work are listed in Table 1. 

Table 1: Antibiotics used in this work 

Antibiotic Solvent 
Stock 

solution 
[mg/ml] 

Working 
solution 

Ampicillin Water 100 100 µg/ml 

Anhydrotetracycline HCl 10 % (v/v) Ethanol 0.1 100-400 ng/ml 

Chloramphenicol Ethanol, absolute 30 15 µg/ml 

Clarithromycina Water 5 5 µg/ml 

Erythromycin  Ethanol, absolute 100 250 µg/ml 

Thiamphenicol 
50 % (v/v) 

Dimethylformamid 
20 20-60 µg/ml 

a: dissolved in demineralized water while dropwise adding 2 M HCl, followed by the careful adjustment of pH 
(6.5 to 7.0) using 2 M NaOH 
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Table 2 shows all gas mixtures and gases used in this work, which were all purchased from 

MTI Industriegase AG (Neu-Ulm, Germany), except for synthesis gas and the CO2 + H2 gas 

mixture, which were obtained from Westfalen AG (Münster, Germany). 

Table 2: Gases used in this work 

Gas Composition Purity Application 

Forming gas 
95 % 

5 % 

Nitrogen (N2) 

Hydrogen (H2) 

3.0 

3.0 

Anaerobic chamber 

atmosphere 

Nitrogen (N2) 100 % Nitrogen (N2) 5.0 Media preparation 

CO2 + H2 
67 % 

33 % 

Hydrogen (H2) 

Carbon dioxide (CO2) 

5.0 

3.0 

Autotrophic growth 

experiments 

Protadur®
 20 

80 % 

20 % 

Nitrogen (N2) 

Carbon dioxide (CO2) 

5.0 

3.0 
Media preparation 

 

II.2. Bacterial strains 

All bacterial strains used in this work are listed in Table 3. 
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Table 3: Bacterial strains used in this work 

Strain Relevant genotype Origin/Reference 

Acetobacterium woodii DSM1030 Type strain  
DSMZ GmbH 

(Brunswick, Germany) 

Acetobacterium woodii [pJIR750] pJIR750 Hoffmeister et al., (2016) 

Acetobacterium woodii 

ΔpyrE ΔlctBCD 
ΔpyrE, ΔlctBCD Baker, unpublished 

Leuconostoc mesenteroides subsp. 
mesenteroides ATCC 8293 

Type strain 
DSMZ GmbH 

(Brunswick, Germany) 

Escherichia coli DH5α 

F-, Φ80lacZ∆M15, 

Δ(lacZYA-argF) 

U169, recA1, 

endA1, hsdR17 (rk-, 

mk+), phoA, supE44, 

λ-, thi-1, gyrA96 
relA1 

Thermo Fisher Scientific 

Inc., Waltham, MA, USA 

Escherichia coli XL1-Blue MRF’ 

Δ(mcrA)183, 

Δ(mcrCB-hsdSMR-

mrr)173, endA1, 

supE44, thi-1, recA1, 

gyrA96, relA1, lac 

[F’, proAB, 

lacIqZΔM15, Tn10 

(Tetr)] 

Agilent Technologies, Santa 

Clara, CA, USA 

 

II.3. Acquired genomic DNA 

In some cases, instead of the respective strain, genomic DNA from several bacterial species 

was acquired for cloning purposes and is listed in the following Table 4.  
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Table 4: Bacterial strains whose genomic DNA has been obtained for this work 

Strain Relevant genotype Origin/Reference 

Clostridium ljungdahlii  

DSM 13528 
Type strain  Erz (2017) 

Clostridium neopropionicum  

DSM 3847 
Type strain 

DSMZ GmbH 

(Brunswick, 

Germany) 

C. homopropionicum DSM 5847 Type strain 

DSMZ GmbH 

(Brunswick, 

Germany) 

Chloroflexus aurantiacus  

DSM 635 
Type strain 

DSMZ GmbH 

(Brunswick, 
Germany) 

 

It has to be mentioned that during this work C. neopropionicum X4 (DSM 3847) as well as its 

close relative C. propionicum X2 (DSM 1682) were assigned to the genus Anaerotignum and 

thus renamed Anaerotignum neopropionicum X4 (DSM 3847) and Anaerotignum 

propionicum (DSM 1682), respectively (Ueki et al., 2017). However, with intending to avoid 

taxonomic confusion, both strains were denoted by their old genus name Clostridium in this 

work.  

II.4. Growth media 

For the preparation of media, all components were dissolved in demineralized water and filled 

to the desired medium volume. Anaerobic media were prepared following the procedures 

described by Balch and Wolfe (1976) and exchanging the gas atmosphere within the gas tight 

vessel through seven alternate vacuum and pressure cycles using the Protadur® 20 gas (Table 

2). For the preparation of anaerobic solutions and buffers of larger volumes (> 200 ml), 

anaerobic water was used, which was prepared according to Breznak and Costilow (1994) by 

eliminating remaining oxygen from the water by boiling for 20 min, followed by sparging with 

N2 (Table 2). Aerobic media were autoclaved for 15 min to 20 min, whereas anaerobic media 

were always autoclaved for 15 min at 121 °C and 1.2 bar. For the preparation of solid media, 

agar (1.5 % (w/v)) was added and plates were poured after autoclaving. 
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II.4.1. Media for aerobic strains 

II.4.1.1. Medium for cultivation of Escherichia coli 

For media preparation all components were dissolved in demineralized water and autoclaved 

combined if not mentioned otherwise. E. coli was cultivated in liquid and solid LB (lysogeny 

broth or Luria-Bertani; Table 5) medium for cloning and DNA preparation purposes or in 

liquid SOB (super optimal broth; Table 6) medium for the preparation of chemically 

competent cells (II.9.1.1). 

Table 5: Composition of LB (lysogeny broth or Luria-Bertani) mod. medium (Bertani, 1951) 

Tryptone  10 g 1.0     % (w/v) 
NaCl 10 g 171.1 mM 
Yeast extract 5 g 0.5 % (w/v) 
H2O ad 1000 ml   

Table 6: Composition of SOB (super optimal broth) mod. medium (Sun et al., 2009) 

Tryptone  20 g 2.0 % (w/v) 
NaCl 0.5 g 8.6 mM 
Yeast extract 5 g 0.5 % (w/v) 
KCl (250 mM) 10 ml 2.5 mM 
MgCl2 (2 M)a 5 ml 10.0 mM 
H2O ad 1000 ml   

pH 7.0, adjusted with 5 N NaOH; 
a
 autoclaved separately and added prior to use 

II.4.1.2. Medium for cultivation of 

L. mesenteroides subsp. mesenteroides ATCC 8293 

L. mesenteroides was cultivated in MRS medium (de Man et al., 1960). A 5.5 % (w/v) solution 

of the dehydrated medium components (Table 7) obtained by Thermo Fisher Scientific Inc. 

(Waltham, MA, USA) was prepared in demineralized water and autoclaved.  

Table 7: Composition of MRS medium (de Man et al., 1960) 

Peptone 10 g 1.0 % (w/v) 
Meat extract 10 g 1.0 % (w/v) 
Yeast extract 5 g 0.5 % (w/v) 
Glucose 20 g 111.0 mM 
Tween 80 1 g 0.8 mM 
K2HPO4 2 g 11.5 mM 
Na-acetate x 3 H2O 5 g 36.7 mM 
(NH4)3 citrate 2 g 8.2 mM 
MgSO4 x 7 H2O 200 mg 0.8 mM 
MnSO4 x 4 H2O 50 mg 0.2 mM 
H2O ad 1000 ml   
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II.4.2. Media for A. woodii strains 

A. woodii DSM1030 and the respective recombinant strains were cultured in modified DSMZ 

medium 135.  

Table 8: Composition of mod. DSMZ medium 135 (Hoffmeister et al., 2016) 

NH4Cl 0.20 g 3.7 mM 
KH2PO4 1.76 g 12.9 mM 
K2HPO4 8.44 g 48.5 mM 
SL 9 trace element 
solution 

2.00 ml 0.2 % (w/v) 

Vitamin solution 2.00 ml 0.2 % (w/v) 
Yeast extract 3.00 g 0.3 % (w/v) 
NaHCO3 10.00 g 119.0 mM 
Cystein-HCl x H2O 0.30 g 1.7 mM 
Na2S x 9 H2O 0.30 g 1.2 mM 
Resazurin solution 
(1g/l) 

1.00 ml 4.4 µM 

MgSO4 x 7 H2Oa 0.33 g 1.3 mM 
H2O  ad 1000 ml   

a added prior to use from a sterile and anaerobic 750 mM stock solution  

Table 9: Composition of mod. SL 9 trace element solution (Tschech and Pfennig, 1984) 

Nitrilotriacetic acid 12.8 g 67.0 mM 
MnCl2 x 2 H2O 0.1 g 0.6 mM 
FeCl2 x 4 H2O 2.0 g 10.1 mM 
CoCl2 x 6 H2O 0.2 g 0.8 mM 
ZnCl2 70 mg 0.5 mM 
CuCl2 x 2 H2O 2 mg 11.7 µM 
H3BO3 6 mg 97.0 µM 
Na2MoO4 x 2 H2O 36 mg 148.8 µM 
NiCl2 x 6 H2O 24 mg 101.0 µM 
H2O ad 1000 ml   

 

For preparation of the SL 9 trace element solution, first nitrilotriacetic acid was dissolved and 

the pH adjusted to 6.5 using 1 M KOH. Afterwards, the remaining components were dissolved 

and the pH was further adjusted to 7.0 with 1 M KOH.  
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Table 10: Composition of mod. vitamin stock solution (Wolin et al., 1963)  

Biotin 25 mg 102 µM 
Folic acid 25 mg 57 µM 
Pyridoxine-HCl 50 mg 243 µM 
Thiamine-HCl 50 mg 148 µM 
Riboflavin 50 mg 133 µM 
Nicotinic acid 50 mg 406 µM 
D-Ca-pantothenate 50 mg 105 µM 
Cyanocobalamine 25 mg 18 µM 
α-Aminobenzoic acid 50 mg 365 µM 
Lipoic acid 25 mg 121 µM 
H2O ad 1000 ml   

 

After preparation, the vitamin (Table 10) and the SL 9 trace element solution (Table 9) were 

aliquoted in 50-ml falcon tubes and stored at -20 °C. After thawing, the respective single 

aliquots were kept at 4 °C while falcon tubes containing the vitamin solution were covered 

with aluminum foil for protection from light.  

For growth under heterotrophic conditions fructose was added as a carbon source from a sterile 

and anaerobic stock solution (1.11 M). 

Following the procedures described by Hoffmeister et al. (2016) for growth experiments using 

A. woodii growing under autotrophic conditions, modified DSMZ medium 135 (Table 8) was 

supplemented with 1 ml/l of the selenite stock solution (Table 11; Tschech and Pfennig, 1984). 

Table 11: Composition of selenite stock solution (Tschech and Pfennig, 1984) 

NaOH 0.5 g 12.5 mM 
Na2SeO3 x 5 H2O 3 mg 11.4 µM 
Na2WO4 x 2 H2O 4 mg 12.1 µM 
H2O ad 1000 ml   

 

For cultivation of A. woodii ΔpyrE ΔlctBCD and the respective plasmid-harboring strains with 

A. woodii ΔpyrE ΔlctBCD as the parental strain, modified DSMZ medium 135 (Table 8) was 

always supplemented with 20 µg/ml uracil if not specifically indicated otherwise. 
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II.5. Cultivation of bacterial strains 

II.5.1. Cultivation of E. coli and L. mesenteroides subsp. mesenteroides  

E. coli was cultivated in general at 37 °C, whereas the cultivation temperature for the 

preparation of chemically competent cells (II.9.1.1) was set to 18 °C. Cultivation of 

L. mesenteroides subsp. mesenteroides was conducted at 30 °C. To assure proper oxygenation 

of the culture medium, both strains were cultivated on a rotary shaker at 160 to 180 rpm. The 

experiments were in general conducted in 5 ml of the appropriate medium (II.4.1) in test tubes, 

whereas for preparation of chemically competent E. coli cells (II.9.1.1) 250 ml SOB medium 

(Table 6) were used and a 1-l Erlenmeyer flask. For inoculation in 5 ml medium from a frozen 

glycerol stock culture (II.6.1), a sterile toothpick was used whereas for the first inoculum of 

L. mesenteroides subsp. mesenteroides the lyophilized stock culture supplied by the DSMZ 

was used.  

II.5.2. Cultivation of acetogenic bacteria  

II.5.2.1. Cultivation of A. woodii strains 

A. woodii was always cultivated at 30 °C. For growth under heterotrophic conditions, cells 

were either cultured in 5 or 50 ml of the appropriate medium (II.4.2) in Hungate tubes (Bellco 

Glass Inc., Vineland, NJ, USA) sealed with butyl-rubber-plugs (Ochs GmbH, Bovenden, 

Germany) or in 125-ml glass flasks (Müller & Krempel AG, Bülach, Switzerland) sealed with 

natural rubber stoppers (Maag Technic GmbH, Göppingen, Germany) and tightened with 

stainless-steel screw caps (Müller & Krempel AG, Bülach, Switzerland) standing upright. In 

contrast, cultivation under autotrophic conditions was performed with 50 ml culture volume, 

however, with cultures stored horizontally for an increased surface area using 500-ml glass 

flasks (Müller & Krempel AG, Bülach, Switzerland) sealed identically as described above. 

For growth experiments under autotrophic conditions, the N2 + CO2 (Table 2) gas atmosphere 

inside the 500-ml glass flasks was exchanged after autoclaving with CO2 + H2 (Table 2) 

pressurizing the headspace of the culture flask to 1.0 bar using sterile needles (Becton, 

Dickinson and Company, Franklin Lakes, NJ, USA) and sterile filters (pore size 0.2 μm, 

Sarstedt AG & Co, Nümbrecht, Germany).  

For inoculation of A. woodii strains less than 20 µl from the DMSO preservation stock culture 

(II.6.2.1) was sufficient to regrow the cells. 
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II.6. Preservation of bacterial strains 

Bacterial strains were preserved either by freezing at -80 °C or by lyophilization. Differences 

in preparation methods regarding the preservation of aerobic or anaerobic strains are described 

in the following section. 

II.6.1. Preservation of E. coli and L. mesenteroides 

500 µl of an overnight culture of the respective aerobic strain was mixed with 500 µl of a sterile 

glycerol solution (50 % (v/v)), transferred to a sterile cryo tube, and stored at -80 °C. 

II.6.2. Preservation of A. woodii strains 

II.6.2.1. Frozen stocks of A. woodii strains 

The preparation of frozen stocks of A. woodii followed the principles described for the storage 

of Clostridium ljungdahlii cells using DMSO as antifreeze agent (Leang et al., 2013). The 

respective A. woodii culture was grown over night in 5 ml of the appropriate medium and 

centrifuged (2000 g, 10 min, 4 °C). The supernatant was removed completely with a syringe. 

540 µl sterile and anaerobic SMP buffer (270 mM sucrose, 1 mM MgCl2, 7 mM sodium 

phosphate, pH 6 (Leang et al., 2013)) and 60 µl anaerobic and filter sterilized (PTFE filter, 

0.2 μM pore size (VWR International, Radnor, PA, USA)) DMSO (100 % (v/v)) are added to 

the pellet. Eventually, the Hungate tube was vortexed and stored at -80 °C.  

Alternatively, the Hungate tube containing the overnight culture was transferred to an 

anaerobic chamber. In a sterile cryo tube that was placed in the anaerobic chamber at least 24 h 

prior to use, 900 µl of the culture were mixed with 100 µl of anaerobic and filter-sterilized 

DMSO (100 % (v/v)) and stored at -80°C. 
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II.6.2.2. Lyophilization of A. woodii strains 

The lyophilization protocols used in this study were developed by Sebastian Flüchter and are 

described in his doctoral thesis (Flüchter, 2017). Since the protocols were developed in parallel 

to this work, both methods, ampoules lyophilization and glass vial lyophilization, were 

performed in this study following the instructions as described in the respective protocol 

(Flüchter, 2017).  

II.7. Treatment of nucleic acids  

II.7.1. Isolation of DNA from bacteria  

II.7.1.1. Isolation of plasmid DNA from E. coli  

Plasmid DNA was extracted and purified from E. coli using the ZyppyTM Plasmid Miniprep 

Kit (ZYMO Research Corporation, Irvine, CA, USA) according to the protocol of the 

manufacturer with the following modifications: a total of 4 ml culture was processed, residual 

ZyppyTM Wash Buffer was removed from the spin column by an additional centrifugation step 

for 5 min at 3300 g, and the final elution step was performed twice using 15 µl distilled water, 

respectively. 

II.7.1.2. Isolation of plasmid DNA from A. woodii  

Either one or two 5-ml overnight cultures of the respective recombinant A. woodii strain were 

harvested in 2-ml reaction tubes by centrifugation (5 min, 11866 g, RT). The pellet was 

suspended in 600 μl Tris-HCl (40 mM, pH 7.5), 60 μl lysozyme (20 mg/ml) was added and 

incubated for 30 min at 37 °C. Afterwards, the ZyppyTM Plasmid Miniprep Kit (ZYMO 

Research Corporation, Irvine, CA, USA) was used following the instructions of the 

manufacturer, however, starting with the addition of 100 μl Lysis Buffer (Blue) and the 

following modifications. The spin column was loaded at reduced relative centrifugal force and 

prolonged centrifugation time (3 min, 268 g, RT). In the case that two 5-ml cultures were used, 

the column was loaded twice (3 min, 268 g, RT). The final elution step was performed twice 

with a prolonged centrifugation time (30 s, 11866 g, RT) using 15 µl distilled water, 

respectively. 
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II.7.1.3. Isolation of genomic DNA from Gram-positive bacteria 

Genomic DNA from Gram-positive bacteria was isolated using the MasterPureTM Gram 

Positive DNA Purification Kit (Epicentre, Madison, WI, USA) following the instructions of 

the manufacturer.  

II.7.1.4. Agarose gel electrophoresis and DNA staining 

To separate double-stranded DNA, agarose gel electrophoresis was performed (Green and 

Sambrook, 2012). In general, 0.8 % agarose gels (w/v) were used while 2.0 % agarose gels 

(w/v) were used for separation of DNA fragments of sizes smaller than 1000 bp. The 

appropriate amount of agarose was dissolved in 300 ml 1x TAE buffer (40 mM Tris-HCl, 

20 mM acetic acid, 1 mM EDTA sodium salt dihydrate) by boiling using a microwave until it 

was completely dissolved. The agarose gel solution was stored at 60 °C until it was used. The 

gel solution was poured into a customized gel chamber equipped with a comb and covered 

with 1x TAE buffer after hardening of the gel. Prior to loading of the gel, 6x DNA Loading 

Dye (Thermo Fisher Scientific Inc., Waltham, MA, USA) was added to the samples while 4 µl 

of GeneRuler DNA Ladder Mix (Thermo Fisher Scientific Inc., Waltham, MA, USA) were 

loaded next to the samples as reference for the fragment size. For separation of the DNA 

fragments an electric potential of 80 to 135 V was applied for 25 to 40 min. The DNA was 

stained via incubation for 10 to 15 min in a water bath containing the DNA-intercalating agent 

ethidium bromide (1 mg/ml) following the visualization via trans-illumination at λ = 312 nm 

using the E-Box VX2 gel documentation system (Vilber Lourmat Deutschland GmbH, 

Eberhardzell, Germany). 

II.7.1.5. Polymerase chain reaction  

For amplification of DNA fragments the polymerase chain reaction (PCR) was used (Mullis 

et al., 1986). Depending on the performed task different commercially available DNA 

polymerases were used.  

For screening purposes of a large number of clones within the plasmid construction process, 

colony PCR was performed as previously described (Quan and Tian, 2011; Woodman et al., 

2016). However, for colony PCR as well as for amplification of 16S rDNA the KAPA2G 

Robust PCR Kit (Kapa Biosystems, Sigma-Aldrich Chemie GmbH, Steinheim, Germany) was 

used. For amplification of DNA fragments during the cloning process the KAPA HIFI 



 
19 II. Material and methods 

polymerase (Kapa Biosystems, Sigma-Aldrich Chemie GmbH, Steinheim, Germany), Phusion 

High-Fidelity DNA Polymerase (Thermo Fisher Scientific Inc., Waltham, MA, USA), and the 

CloneAmp™ HiFi PCR Premix (Takara Bio USA Inc., Mountain View, USA) were used. 

Reaction mixtures and PCR programs were applied as requested by the manufacturer, 

respectively. The elongation time was adjusted according to the length of the final amplicon 

and the polymerization speed of each polymerase as described by the manufacturer. The 

annealing temperature was set up according to the instructions of the manufacturer with regard 

to the respective DNA polymerase utilized. However, the annealing temperature is in general 

derived from the respective melting temperature (Tm) of the primer. For conventional cloning 

procedures (Green and Sambrook, 2012) primer design and calculation of the resulting melting 

temperature (Tm) of the 3’ annealing sequence were performed using the CLC Main 

Workbench software (QIAGEN Aarhus A/S, Aarhus Denmark). When the In-Fusion® HD 

cloning kit was used to fuse DNA fragments, the “NEBuilder Assembly Tool” (v1.12.11-18; 

New England Biolabs Inc. Ipswich, MA, USA; http://nebuilder.neb.com) was used for primer 

design and calculation of the melting temperature (Tm) of the 3’ annealing sequence. In case 

of an unsuccessful PCR a gradient PCR was performed to determine the ideal annealing 

temperature. 

II.7.1.6. Restriction enzyme digestion of DNA 

Restriction enzyme digestion was performed using Thermo Scientific FastDigest™ enzymes 

(Thermo Fisher Scientific Inc., Waltham, MA, USA) following the instructions of the 

manufacturer. However, for digestion of plasmid DNA from recombinant A. woodii strains a 

larger amount of DNA was used (6 to 8 µl) due to residual fragments of chromosomal DNA 

whithin the preparation (II.7.1.2). 

For ligation via the In-Fusion® HD cloning kit (II.7.1.9), the reaction mixtures of PCR-

amplified plasmid backbone fragments were digested using the restriction enzyme FastDigest 

DpnI (Thermo Fisher Scientific Inc., Waltham, MA, USA). This procedure can be used to 

reduce false-positive colonies caused by residual and undesired intact plasmid DNA from 

E. coli DH5α during ligation with the In-Fusion® HD cloning kit (II.7.1.9). The enzyme 

requires an N6-methyladenine within the GATC recognition sequence to cleave DNA. 

Purified DNA from a dam+ strain such as the herein used E. coli DH5α is required as substrate, 

since only such fully-adenomethylated dam sites are cleaved by FastDigest DpnI (Thermo 

Fisher Scientific Inc., Waltham, MA, USA). 
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If the plasmid backbone fragment during the cloning process was created via restriction 

enzyme digestion, if possible, the excised fragment was digested with another single-cutting 

restriction enzyme to avoid religation of the fragment.  

II.7.1.7. Purification of DNA 

Purification of DNA fragments directly from the reaction mixture after PCR (II.7.1.5) as well 

as from agarose gels after gel electrophoresis, staining (II.7.1.4), and excision of the desired 

band was performed using the NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel, 

Düren, Germany) following the procedures given in the manual of the manufacturer. 

II.7.1.8. Quantification of DNA 

Concentration of DNA was determined photometrically using a NanoDropTM 2000 

Spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). In addition purity of 

the DNA sample was estimated by the quotient of UV light absorbance at λ = 260 nm to 

λ = 230 nm (260/230) and the quotient of absorbance at λ = 260 nm to λ = 280 nm (260/280) 

as described in the manufacturer’s user manual. According to the manual a 260/280 

absorbance ratio of ~ 1.8 is generally accepted as “pure” for DNA, whereas the 260/230 ratios 

of “pure” DNA are usually higher and in the range of 1.8 to 2.2.  

II.7.1.9. Ligation of DNA fragments 

Classic cloning procedure (Green and Sambrook, 2012) was performed using the T4 ligase 

(Thermo Fisher Scientific Inc., Waltham, MA, USA) following the manual of the 

manufacturer with the exception that in some cases incubation for DNA ligation was 

prolonged overnight at 4 °C.  

For ligation of blunted DNA ends blunting was performed using the “blunting enzyme” of the 

CloneJET PCR Cloning Kit (DNA polymerase with 3' exonuclease activity; Thermo Fisher 

Scientific Inc., Waltham, MA, USA) according to the instructions of the manufacturer. Blunt 

ligation of PCR amplicons into pJET1.2/blunt was performed following the instructions of the 

manufacturer of the CloneJET PCR Cloning Kit (Thermo Fisher Scientific Inc., Waltham, 

MA, USA). 
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As an alternative approach for ligation of DNA fragments and for ligation of multiple DNA 

fragments the In-Fusion® HD cloning kit (Takara Bio USA Inc., Mountain View, USA) was 

used as described in the protocol of the manufacturer.  

II.8. Construction of plasmids 

II.8.1. Plasmids harboring mCherryOpt 

The pDSW1728 derivatives harboring different promoters controlling the mCherryOpt were 

cloned via introduction of the respective promoter sequences using the restriction sites NheI 

and SacI as proposed by Ransom et al. (2015). With this approach, the ribosomal binding site 

(RBS) of pDSW1728 stayed intact which is why the RBS was omitted when introducing the 

respective promoter sequence. The respective promoters were amplified via PCR from the 

source as indicated in Table 13 using the respective primers listed in Table 14, purified, and 

ligated in NheI- and SacI-digested pDSW1728. In contrast to the other pDSW1728 derivatives 

constructed in this work, after amplification of the bgaR-PbgaL fragment from the plasmid 

pKOD_mazF using the primers FW_PbgaL_NheI and RV_PbgaL_SacI, it was first blunt-

ligated into pJET1.2/blunt. Subsequently, the bgaR-PbgaL fragment was excised from the 

resulting plasmid pJet_PbgaL2 and ligated into the NheI- and SacI-digested pDSW1728.  

pDSW1728_C was constructed via excision of Ptet from pDSW1728 using NheI and SacI 

following a blunting reaction and ligation. 

II.8.2. Plasmids harboring gusA  

First, the plasmid pMTL83151_gusA was constructed by amplifying the gusA gene from the 

plasmid pMDY23-Pgap using the primers j5_gusA_fw and j5_gusA_rev. After purification, 

the fragment was ligated into the pJET1.2/blunt cloning vector. The resulting plasmid was 

digested using NheI and XhoI, the gusA fragment purified, and then inserted into the NheI- and 

XhoI-digested pMTL83151, resulting in plasmid pMTL83151_gusA (gusA reporter gene 

without upstream ribosome-binding site and without controlling promoter sequence) (compare 

Beck et al., 2020). 

The araC-PBAD sequence was amplified from pKD46 using the primers FW_PBAD_1_XhoI 

and RV_PBAD_1_XbaI, purified, and digested using XhoI and XbaI. After another 
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purification step the XhoI- and XbaI-digested araC-PBAD fragment was ligated into the 

identically digested pMTL83151_gusA, resulting in the plasmid pMTL83151_gusA_PBAD.  

The bgaR-PbgaL fragment subcloned for this work contains its native ribosomal binding site 

from C. perfringens and, in contrast to Banerjee et al. (2014), the first 13 codons of the cpe 

gene were omitted. The bgaR-PbgaL fragment was amplified from the plasmid pKOD_mazF 

using the primers FW_PbgaL_BamHI and RV_PbgaL_XhoI, purified, and ligated into the 

pJET1.2/blunt cloning vector. From the resulting plasmid the bgaR-PbgaL fragment was excised 

using XhoI and BamHI, purified, and then inserted into the identically digested 

pMTL83151_gusA, yielding the plasmid pMTL83151_gusA_PbgaL (compare Beck et al., 

2020). 

The tetR-Ptet fragment was amplified using pDSW1728 as a template and the primers 

FW_PtetR_BamHI and RV_PtetR_XhoI, purified, and ligated into the pJET1.2/blunt cloning 

vector. The resulting plasmid was digested with BamHI and XhoI. The excised tetR-Ptet 

fragment was purified and inserted into the XhoI- and BamHI-digested pMTL83151_gusA, 

resulting in plasmid pMTL83151_gusA_Ptet (compare Beck et al., 2020). 

The lacI-Pfac fragment was amplified using pMTL82251-YZ2 as a template and the primers 

FW_Pfac_IPTG_XbaI and RV_Pfac_IPTG_XhoI, purified, and then directly digested with 

XbaI and XhoI. The lacI-Pfac fragment was then ligated into the XhoI- and XbaI-digested 

pMTL83151_gusA, resulting in the plasmid pMTL83151_gusA_Pfac (compare Beck et al., 

2020). 

The synthetic PackA-theophylline riboswitch construct, containing the ackA promoter from 

A. woodii (Hoffmeister et al. 2016) was fused with a synthetic theophylline riboswitch placed 

downstream of the transcriptional start site (Seibold and Rückert, unpublished). PackA-theo was 

created via amplification of the promoter region of the ackA gene using genomic DNA from 

A. woodii and the primers FW_PackA and RV_PackA_theo (including theophylline 

riboswitch). After purification, the PackA-theo fragment was inserted into the PCR-amplified 

pMTL83151_gusA (primers FW_p83_gusA_theo and RV_p83_gusA_PackA) using the In-

Fusion® HD cloning kit, resulting in the plasmid pMTL83151_gusA_PackA-theo (compare Beck 

et al., 2020). 

The plasmid pJIR750_actpta-ack was used as a template for the amplification of the pta-ack 

promoter sequence from C. ljungdahlii using the primers FW_Ppta-ack1L_BamHI and 

RV_Ppta-ack1L_XhoI. After purification the Ppta-ack fragment was directly digested with XhoI 

and BamHI and inserted into the identically digested pMTL83151_gusA, yielding the plasmid 

pMTL83151_gusA_Ppta-ack (compare Beck et al., 2020).  
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II.8.3. Plasmids for 2- and 3-HP production 

To facilitate simple further addition and exchange of genes in a respective lactate or 3-HP 

biosynthesis operon, first a unique multiple cloning site (MCS) was designed containing single 

cutting restriction sites compatible for usage in the Clostridium-E. coli shuttle vectors pJIR750 

and pMTL83151 (including other vectors from the pMTL80000 series). The multiple cloning 

site was commercially synthesized in pEX-A2_MCS. From this plasmid, the MCS was excised 

using PvuI and BamHI or BamHI and AscI and ligated into identically digested pJIR750 or 

pMTL83151, respectively, yielding the plasmids pJIR750_MCS and pMTL83151_MCS. The 

respective restriction sites and their properties such as recognition sequence, length, overhang, 

methylation sensitivity, and star activity are listed in Table 12.  

 

Table 12: Restriction sites within the synthetic MCS for construction of the 3-HP biosynthesis pathway 

Name 
Recognition 

sequence 
Length 

[bp] 
Overhang 

Methylation 
sensitivity 

Star 
activity 

BamHI ggatcc 6 5' - gatc 5': N4-methylcytosine Yes 
PasI cccwggg 7 5' - cwg   No 
XhoI ctcgag 6 5' - tcga 5': N6-methyladenosine No 
PaeI gcatgc 6 3' - catg   No 

MauBI cgcgcgcg 8 5' - cgcg   No 
AvrII cctagg 6 5' - ctag   No 
PacI ttaattaa 8 3' - at   No 
SalI gtcgac 6 5' - tcga 5': N6-methyladenosine Yes 
KflI gggwccc 7 5' - gwc   No 
AscI ggcgcgcc 8 5' - cgcg 5': 5-methylcytosine No 
PvuI cgatcg 6 3' - at   No 

 

The ldhD gene was first amplified via PCR from genomic DNA from L. mesenteroides subsp. 

mesenteroides using the primers FW_LDH_SalI_RBS, RV_LDH_PacI, purified and ligated 

into pJET1.2/blunt creating the plasmid pJet_ldhD_LM. From pJet_ldhD_LM, the ldhD gene 

was amplified again using the primers FW_LdhD_Gib and RV_LdhD_Gib, purified, and 

fused with the Ptet amplicon (FW_PtetR_Gib; RV_PtetR_Gib) and the PacI- and AscI-digested 

pJIR750_MCS using the In-Fusion® HD enzyme resulting in the plasmid 

pJIR750_Ptet_ldhD_LM. 

The nifJ gene was amplified from genomic DNA from A. woodii using the primers 

RV_nifJ_NEB and FW_nifJ_RBS_NEB and from genomic DNA from C. ljungdahlii using 

the primers RV_nifJ_Clj_inf and FW_nifJ_Clj_inf, purified, and fused with the KflI- and SalI-

digested pJIR750_Ptet_ldhD_LM using the In-Fusion® HD enzyme resulting in the plasmids 

pJIR750_Ptet_nifJ_ldhD and pJIR750_Ptet_nifJCl_ldhD, respectively.  
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Additionally, the Ptet-nifJ-ldhD fragment was excised from pJIR750_Ptet_nifJ_ldhD using the 

enzymes BamHI and AscI. After purification, the Ptet-nifJ-ldhD fragment was fused with the 

PCR-amplified backbone (primers FW_p80_Ptet_NL_inf and RV_p80_Ptet_NL_inf) of 

pMTL80141_pyrE_cargo using the In-Fusion® HD enzyme. The resulting plasmid 

p80_pyrE_Ptet_nifJ_ldhD was digested using KflI and SalI, purified, blunted, and ligated 

resulting in the plasmid p80_pyrE_Ptet_ldhD.  

To obtain the plasmids pMTL82251_Ptet_ldhD_LM, pMTL82251_Ptet_nifJCl_ldhD, and 

pMTL82251_Ptet_nifJ_ldhD, the respective Ptet-nifJ-ldhD and Ptet-ldhD fragments were 

amplified from pJIR750_Ptet_nifJ_ldhD, pJIR750_Ptet_nifJCl_ldhD, and 

pJIR750_Ptet_ldhD_LM using the primers FW_ldhD_p822_inf and RV_Ptet_ldhD_p822_inf, 

purified, and fused with the NheI- and BamHI-digested pMTL82251 using the In-Fusion® HD 

enzyme. 

The lcdCAB-pct fragment was amplified using genomic DNA from C. neopropionicum and 

the primers GibTO_FW_lcdCAB-pct_CNEO and GibTO_RV_lcdCAB-pct_CNEO, purified, 

and ligated into pJET1.2/blunt. From the resulting plasmid pJet_lcdCAB-pct the lcdCAB-pct 

fragment was excised via enzymatic digestion with AvrII and PaeI, purified, and inserted into 

the identically digested pMTL83151_MCS resulting in the plasmid pMTL83151_LP.  

The gene ehy was amplified using the primers GibTO_FW_ehy_CA, GibTO_RV_ehy_CA, 

and genomic DNA from Ch. aurantiacus. After purification, the ehy amplicon was ligated into 

pJET1.2/blunt resulting in the plasmid pJet_ehy_CA. The ehy fragment was excised from 

pJet_ehy_CA via enzymatic digestion using PaeI and BamHI, purified, and ligated into the 

identically digested pMTL83151_LP resulting in the plasmid pMTL83151_LPE. The Ptet 

promoter sequence was amplified from pDSW1728 using the primers FW_Ptet_inf_LPE and 

RV_Ptet_inf_LPE, purified, and fused with the KflI- and AvrII-digested pMTL83151_LPE 

using the In-Fusion® HD enzyme and resulting in the plasmid pMTL83151_Ptet_LPE. 

The codon-optimized gene ehy_opt was amplified from pEXA2_ehy_opt using the primers 

FW_ehy_opt_inf and RV_ehy_opt_inf, purified, and fused with the BamHI- and XhoI-

digested pMTL83151_Ptet_LPE using the In-Fusion® HD enzyme and resulting in the plasmid 

pMTL83151_Ptet_LPE_opt.  

The phaJ gene from Clostridium acetireducens was amplified from p83_pHB_Scaceti using 

the primers FW_phaJ_p83_LP_inf and RV_phaJ_p83_LP_inf, purified, and fused with the 

XhoI- and BamHI-digested pMTL83151_Ptet_LPE using the In-Fusion® HD enzyme and 

resulting in pMTL83151_Ptet_LP_phaJ. 
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The Ptet_nifJ_ldhD fragment was amplified from pJIR750_Ptet_nifJ_ldhD using the primers 

FW_Ptet_nifJ_ldhD_inf and RV_Ptet_nifJ_ldhD_inf, purified, and fused with the PacI- and 

AscI-digested pMTL83151_Ptet_LPE using the In-Fusion® HD enzyme resulting in the 

plasmid pMTL83151_2Ptet_NLLPE.  

The ldhD gene was amplified from pJIR750_Ptet_ldhD_LM using the primers 

FW_ldhD_RBS_3-HP_inf and RV_ldhD_3-HP_inf, purified, and fused with the AvrII-

digested pMTL83151_Ptet_LP_phaJ as well as pMTL83151_Ptet_LPE_opt using the In-

Fusion® HD enzyme, resulting in the plasmids pMTL83151_Ptet_3-HP_phaJ and 

pMTL83151_Ptet_3-HP_opt, respectively.  

 

All plasmids used and constructed in this work are depicted in subsequent Table 13. The 

introduced coding sequences of all novel plasmid constructs were verified by Sanger 

sequencing (II.11.1). 
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Table 13: Plasmids used and constructed in this work 

Plasmid  Relevant features 
Size 
[bp] Reference  

pJET1.2/blunt  pMB1 ori (rep); Ampr (bla); 
eco47IR; PlacUV5 

2974 Thermo Fisher 
Scientific Inc., 
Waltham, USA 

pMTL82251 MLSr, ColE1 ori-, lacZ, pBP1 
ori+, traJ 

5367 Heap et al. (2009) 

pMTL83151 Cmr, ColE1 ori-, lacZ, pCB102 
ori+, traJ 

4476 Heap et al. (2009) 

pJIR750 Cmr, ColE1 ori-, lacZ, pIP404 
ori+ 

6568 Bannam and Rood 
(1993) 

pKOD_mazF Thr MLSr, ccdB repL, ori, bgaR 

and PbgaL of 
Clostridium perfringens 
upstream of mazF, DEST 
cassette 

7202 Al-Hinai et al. (2012) 

pMDY23-Pgap Spcr, gusA from E. coli Pgap 

from 
Bifidobacterium bifidum S17,  

6313 Grimm et al. (2014) 

pMTL82251-YZ2 MLSr, ColE1 ori-, pBP1 ori+, 
traJ, lacI, Pptb, Pfac  

7995 Y. Zhang et al. (2015); 
Flitsch (2016) 

pKD46 Ampr (bla), repA101(ts), 
oriR101, λRed recombinase 

genes (gam, bet, exo),  
araC-PBAD from E. coli 

6329 Datsenko and Wanner, 
2000 

pACYC_McsaI pACYC184, tetr, p15a ori-, Pptb 

from 

Clostridium acetobutylicum, 
methylase gene from 
Clostridium saccharobutylicum 
(McsaI) 

6651 Montoya, unpublished 

pJIR750_actthlA pJIR750, PthlA, adc, ctfA, ctfB, 
thlA from 
C. acetobutylicum 

10414 Hoffmeister et al. 
(2016) 

pJIR750_actpta-ack pJIR750, adc, ctfA/B, thlA from 

C. acetobutylicum, Ppta-ack from 
C. ljungdahlii 

10278 Hoffmeister et al. 

(2016) 

p83_pHB_Scaceti pMTL83151, Ppta-ack from 

C. ljungdahlii, phaJEC from 
C. acetireducens and crt, hbd 

and thlA from C. scatologenes 

10844 Flüchter et al. (2019) 

pMTL80141_pyrE_cargo Cmr, ColE1 ori-
, truncated pyrE 

and pfiI (Awo_c16210-16220) 

2987 Baker, unpublished 
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Table 13: Plasmids used and constructed in this work (continued) 

Plasmid  Relevant features Size 
[bp] 

Reference  

pEX-A2_MCS Ampr, pUC ori-
, MCS for 3-HP 

operon assembly  

2696 This work; Eurofins 
Genomics GmbH, 
Luxemburg, 
Luxemburg 

pEX-A128_ehy_opt Ampr, pUC ori-
, ehy_opt (ehy 

(Ch. aurantiacus) codon-
optimized for A. woodii) 

3258 This work; Eurofins 
Genomics GmbH, 
Luxemburg, 
Luxemburg 

pJet_PbgaL1 pJET1.2, PbgaL from 
pKOD_mazF for integration in 
pMTL83151_gusA 

4419 Beck et al. (2019) 

pJet_PbgaL2 pJet, PbgaL from pKOD_mazF 
for integration in pDSW1728 

4406 This work 

pJet_Ptet pJET1.2, Ptet from pDSW1728 
for integration in 
pMTL83151_gusA 

3858 Beck et al. (2019) 

pJet_ldhD_LM pJET1.2, ldhD (LEUM_1756, 

L. mesenteroides) 

4000 This work 

pJet_lcdCAB-pct pJET1.2, lcdCAB-pct 

(CLNEO_17730-17700, 
Clostridium neopropionicum) 

7924 This work 

pJet_ehy_CA pJET1.2, ehy (Caur_0101, 
Ch. aurantiacus) 

3836 This work 

pMTL83151_MCS pMTL83151, MCS for 3-HP 
operon assembly 

4408 This work 

pJIR750_MCS  pJIR750, MCS for 3-HP operon 
assembly 

6642 This work 

pDSW1728 Cmr, pMB1 ori-, Ptet, 
mCherryOpt; pCD6 ori+, traJ 

7913 Ransom et al. (2015) 

pDSW1728_C pDSW1728 lacking Ptet 7069 This work 

pDSW1728_PthlA pDSW1728, mCherryOpt 

controlled by the PthlA promoter 

sequence from pJIR750_actthlA 

7208 This work 
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Table 13: Plasmids used and constructed in this work (continued) 

Plasmid  Relevant features Size 
[bp] 

Reference  

pDSW1728_Ppta-ack_S1 pDSW1728, mCherryOpt 

controlled by the Ppta-ack 
promoter sequence from 
pJIR750_actpta-ack in a shorter 

version (189 to 88 bp upstream 
of pta) 

7177 This work 

pDSW1728_Ppta-ack_S2 pDSW1728, mCherryOpt 

controlled by the Ppta-ack 

promoter sequence from 
pJIR750_actpta-ack in a second 
shorter version (89 to 31 bp 
upstream of pta) 

7134 This work 

pDSW1728_Ppta-ack pDSW1728, mCherryOpt 

controlled by the Ppta-ack 
promoter sequence from 
pJIR750_actpta-ack in complete 

version 

7235 This work 

pDSW1728_Pptb pDSW1728, mCherryOpt 

controlled by the Pptb promoter 
from pACYC_McsaI 

7164 This work 

pDSW1728_PbgaL pDSW1728, mCherryOpt 

controlled by  PbgaL from 
pKOD_mazF 

8485 This work 

pDSW1728_PbgaL2(long) pDSW1728, mCherryOpt 

controlled by PbgaL from 
pKOD_mazF; long version 
(including native RBS and first 

31 bp of the bgaL gene from 
C. perfringens fused with an 
artificial stop codon) 

8577 Grun, 2016 

pJIR750_Ptet_ldhD_LM pJIR750_MCS, ldhD 

(LEUM_1756, 
L. mesenteroides), Ptet from 
pDSW1728 

8524 This work 

pJIR750_Ptet_nifJ_ldhD pJIR750_MCS, nifJ 

(Awo_c24330, A. woodii), 
ldhD (LEUM_1756, 
L. mesenteroides), Ptet from 
pDSW1728 

12048 This work 

pJIR750_Ptet_nifJCl_ldhD pJIR750_MCS, nifJ (C. 

ljungdahlii (CLJU_c09340), 
ldhD (LEUM_1756, 
L. mesenteroides), Ptet from 

pDSW1728 

12036 This work 
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Table 13: Plasmids used and constructed in this work (continued) 

Plasmid  Relevant features Size 
[bp] 

Reference  

p80_pyrE_Ptet_nifJ_ldhD pMTL80141_pyrE_cargo, nifJ 
(Awo_c24330, A. woodii), 
ldhD (LEUM_1756, 
L. mesenteroides), Ptet from 

pDSW1728 

8412 This work 

p80_pyrE_Ptet_ldhD pMTL80141_pyrE_cargo, ldhD 
(LEUM_1756, 
L. mesenteroides), Ptet from 

pDSW1728 

4869 This work 

pMTL82251_Ptet_ldhD_LM pMTL82251, ldhD 
(LEUM_1756, 

L. mesenteroides), Ptet from 
pDSW1728 

6994 This work 

pMTL82251_Ptet_nifJCl_ldhD pMTL82251, nifJ (C. 

ljungdahlii (CLJU_c09340), 

ldhD (LEUM_1756, 
L. mesenteroides), Ptet from 
pDSW1728 

10506 This work 

pMTL82251_Ptet_nifJ_ldhD pMTL82251, nifJ 

(Awo_c24330, A. woodii), 
ldhD (LEUM_1756, 
L. mesenteroides), Ptet from 
pDSW1728 

10518 This work 

pMTL83151_LP pMTL83151, lcdCAB-pct 
(CLNEO_17730-17700, 
C. neopropionicum) 

9226 This work 

pMTL83151_LPE pMTL83151, lcdCAB-pct 

(CLNEO_17730-17700, 
C. neopropionicum), ehy 

(Caur_0101, Ch. aurantiacus) 

9983 This work 

pMTL83151_Ptet_LPE pMTL83151, lcdCAB-pct 
(CLNEO_17730-17700, 
C. neopropionicum), ehy 

(Caur_0101, Ch. aurantiacus), 
Ptet from pDSW1728 

10820 This work 
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Table 13: Plasmids used and constructed in this work (continued) 

Plasmid  Relevant features Size 
[bp] 

Reference  

pMTL83151_Ptet_LP_phaJ pMTL83151, lcdCAB-pct 
(CLNEO_17730-17700, 
C. neopropionicum), phaJ 
(CLOACE_21160, 

Clostridium acetireducens), Ptet 
from pDSW1728 

10537 This work 

pMTL83151_Ptet_LPE_opt pMTL83151, lcdCAB-pct 
(CLNEO_17730-17700, 

C. neopropionicum), ehy_opt 

(ehy (Ch. aurantiacus) codon-
optimized for A. woodii), Ptet 
from pDSW1728 

10820 This work 

pMTL83151_Ptet_3-HP_opt pMTL83151, ldhD 
(LEUM_1756, 
L. mesenteroides), lcdCAB-pct 
(CLNEO_17730-17700, 

C. neopropionicum), ehy_opt 

(ehy (Ch. aurantiacus) codon-
optimized for A. woodii), Ptet 
from pDSW1728 

11833 This work 

pMTL83151_Ptet_3-HP_phaJ pMTL83151, ldhD 
(LEUM_1756, 
L. mesenteroides), lcdCAB-pct 
(CLNEO_17730-17700, 

C. neopropionicum), phaJ 
(CLOACE_21160, 

C. acetireducens), Ptet from 
pDSW1728 

11550 This work 

pMTL83151_2Ptet_NLLPE pMTL83151, nifJ 
(Awo_c24330, A. woodii), 
ldhD (LEUM_1756, 
L. mesenteroides), lcdCAB-pct 
(CLNEO_17730-17700, 

C. neopropionicum), ehy 

(Caur_0101, Ch. aurantiacus), 
two times Ptet from pDSW1728 

16215 This work 

pMTL83151_gusA pMTL83151, gusA from E. coli 6116 Beck et al. (2019) 

pMTL83151_gusA_Ptet pMTL83151_gusA; Ptet from 
pDSW1728 

6945 Beck et al. (2019) 

pMTL83151_gusA_Pfac pMTL83151_gusA; Pfac from 
pMTL82251-YZ2 

8102 Beck et al. (2019) 
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Table 13: Plasmids used and constructed in this work (continued) 

Plasmid  Relevant features Size 
[bp] 

Reference  

pMTL83151_gusA_PackA-theo pMTL83151_gusA; PackA from 
A. woodii fused downstream of 
the transcriptional start site 
with theophylline riboswitch 

6245 Beck et al. (2019); 
Seibold and Rückert, 
unpublished 

pMTL83151_gusA_PBAD pMTL83151_gusA; PBAD from 

pKD46 

7315 This work 

pMTL83151_gusA_PbgaL pMTL83151_gusA; PbgaL from 
pKOD_mazF 

7506 Beck et al. (2019) 

pMTL83151_gusA_Ppta-ack pMTL83151_gusA; Ppta-ack from 
C. ljungdahlii 

6268 Beck et al. (2019) 

 

II.8.4. Primers 

All primers used in this work were synthesized by the company biomers.net GmbH (Ulm, 

Germany) and are listed in Table 14. As indicated in Table 14, the listed primers were used 

for cloning purposes, sequencing and strain control. For conventional cloning procedures 

(Green and Sambrook, 2012), primers were designed using the CLC Main Workbench 

software (QIAGEN Aarhus A/S, Aarhus Denmark). When the In-Fusion® HD cloning kit was 

used to fuse DNA fragments, the “NEBuilder Assembly Tool” (v1.12.11-18; New England 

Biolabs Inc. Ipswich, MA, USA; http://nebuilder.neb.com) was used for primer design. 
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Table 14: Primers used in this work 

Name Sequence (5’ to 3’) Application 

27F AGAGTTTGATCATGGCTCAG 16S rDNA amplification and 

sequencing 1510R GGTTACCTTGTTACGACTT 

M13F TGTAAAACGACGGCCAGT Sequencing  

M13R CAGGAAACAGCTATGACC 

pJET1.2 forward CGACTCACTATAGGGAGAGCGGC Sequencing  

pJET1.2 reverse AAGAACATCGATTTTCCATGGCAG 

AW_sLCT_FlankF GAAATTGCTTGTCCAATTCA Control of lct operon in 

A. woodii ΔpyrE ΔlctBCD and 

A. woodii 

AW_sLCT_FlankR CTAAAATAAATGGGAGCCAA 

FW_PthA_mCherry_NheI GATTCAGCTAGCCTTTGTGTTTTTT

TTAAC 
Construction of pDSW1728_PthlA 

RV_PthA_mCherry_SacI AGCGATGAGCTCGTAACAGATAAA

CCATTTC 

FW_Ppta-ack_NheI ATGTAAGCTAGCTGCTTATTTGATT

TACATTATAT 
Construction of pDSW1728_Ppta-ack 

and pDSW1728_Ppta-ack_S1 

RV_Ppta-ack_SacI_long TTACATGAGCTCAAATTACACACA

CTTATACTATAATC 
Construction of pDSW1728_Ppta-ack 

RV_Ppta-ack_SacI_short TTACATGAGCTCCAAAAATATAAC

TTTTGATAAG 
Construction of 

pDSW1728_Ppta-ack_S1 

FW_Ppta-ack_NheI_S2 ATGTAAGCTAGCTGAATGATTTTTA

TTGAAAAATAC 
Construction of 

pDSW1728_Ppta-ack_S2 
RV_Ppta-ack_SacI_S2 TTACATGAGCTCAATTACACACACT

TATACTATAATC 

FW_Pptb_NheI ATGTAAGCTAGCTATAAAATATAA

ATAATTTTC 
Construction of pDSW1728_Pptb 

RV_Pptb_SacI ACTATTGAGCTCTCTATGTTAAATG

ATTAACGTG 

FW_PbgaL_NheI ATTGCAGCTAGCGAGATGAAAAGT

ATTAGGGCTAATTTAG 
Construction of pDSW1728_PbgaL 

RV_PbgaL_SacI ACTTGTGAGCTCAATACATTTAAA

ATAATTATGTATTCATG 

FW_LDH_SalI_RBS GTCGACAGGAGGTTAACTAAGATG

AAGATTTTTGCTTACGGCATTCGTG 
Construction of pJet_ldhD_LM 

RV_LDH_PacI TTAATTAACTTAATATTCAACAGCA

ATAGCTGGCTTCTCACCCTTG 

FW_LdhD_Gib AGTCACTATGATTGATTAATTAATA

AAAATAAGAAGCCTGCATTTGCAG

GCTTCTTATTTTTATTTAATTAACTT

AATATTCAACAGCAATAG 

Construction of 

pJIR750_Ptet_ldhD_LM 

RV_LdhD_Gib CCGAAGACTCAATCGTTAGTCGAC

AGGAGGTTAACTAAG 

FW_PtetR_Gib TCCTGTCGACTAACGATTGAGTCTT

CGGGACCCTTACTGCAGGAGCTCA

GATC 

RV_PtetR_Gib CGAGTTGTAAATTCCAGAGGCGCG

CCATAAAAATAAGAAGCCTGCATT

TG 

FW_nifJ_RBS_NEB ACAGATCTGAGCTCCTGCAGTAAG

GGTCCCAGGAGGATTGAGTCTATG

CCTAAAAAAATGATGACAATGGAT

GG 

Construction of 

pJIR750_Ptet_nifJ_ldhD 

RV_nifJ_NEB AATCTTCATCTTAGTTAACCTCCTG

TCGACTTACATTTCTGATTTTTCTTT

ATAACCCATATAACGTTCC 
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Table 14: Primers used in this work (continued) 

Name Sequence (5’ to 3’) Application 

FW_nifJ_Clj_inf ACAGATCTGAGCTCCTGCAGTAAG

GGTCCCAGGAGAGGAATTTTTATG

CGTAAAATGAAAAC 

Construction of 

pJIR750_Ptet_nifJCl_ldhD 

RV_nifJ_Clj_inf AATCTTCATCTTAGTTAACCTCCTG

TCGACTTACTGTTCATTATCAAGCT

TTTTATATCCTGCAATTC 

FW_ldhD_p822_inf TACGAATTCGAGCTCGGTACCCGG

GGATCCTTAATATTCAACAGCAAT

AGCTGGCTTC 

Construction of 

pMTL82251_Ptet_ldhD_LM, 

pMTL82251_Ptet_nifJCl_ldhD, and 

pMTL82251_Ptet_nifJ_ldhD RV_Ptet_ldhD_p822_inf CAAATGCAGGCTTCTTATTTTTATG

CTAGCTTAAGACCCACTTTCACATT

TAAGTTGTTTTTC 

GibTO_FW_lcdCAB-pct_CNEO TGTTGAATATTAAGTTAATTAATCA

ATCATAAGGAGGACCTAGGATGTA

CACAATGGGCGTTG 

Construction of pJet_lcdCAB-pct 

GibTO_RV_lcdCAB-pct_CNEO CTGTCAAATCTGCATGCTCAAGCCT

TCATTTCCTTC 

GibTO_FW_ehy_CA AATGAAGGCTTGAGCATGCAGATT

TGACAGGAGGTCTCGAGATGAGTG

AAGAGTCTCTGG 

Construction of pJet_ehy_CA 

GibTO_RV_ehy_CA ATTCGAGCTCGGTACCCGGGGATC

CCACTACTGAAGTCCCAGGGTCAA

CGACCACTGAAGTTG 

FW_Ptet_inf_LPE AACATCAACGCCCATTGTGTACAT

CCTAGGTTCTCCTTTACTGCAGGAG

C 

Construction of 

pMTL83151_Ptet_LPE 

RV_Ptet_inf_LPE ATGGCGGCGCGCCTATCAGTATTCT

GGATGGGTCCCTTAATTAAATAAA

AATAAGAAGCCTGCATTTGCAGG 

FW_ehy_opt_inf TACGAATTCGAGCTCGGTACCCGG

GGATCCCACTACTGAAGTCCC 
Construction of 

pMTL83151_Ptet_LPE_opt 
RV_ehy_opt_inf GAGCATGCAGATTTGACAGGAGGT

CTCGAGATGTCAGAAGAATCATTA

GTTTTATCAAC 

FW_phaJ_p83_LP_inf TACGAATTCGAGCTCGGTACCCGG

GGATCCTTAATCATCTTTCATAACA

AAAGCCTCTCC 

Construction of 

pMTL83151_Ptet_LP_phaJ 

RV_phaJ_p83_LP_inf GAGCATGCAGATTTGACAGGAGGT

CTCGAGATGGGGGCAAGTATAGAT

TATCTTGAAG 

FW_p80_Ptet_NL_inf CTTCAGTAGTGAATCGGATCCTTCC

CAACAGTTGCGCAG 
Construction of 

p80_pyrE_Ptet_nifJ_ldhD 
RV_p80_Ptet_NL_inf AGGCTTCTTATTTTTATGGCGCGCG

GGTACCGAGCTCGAATTC 

FW_ldhD_RBS_3-HP_inf AACATCAACGCCCATTGTGTACAT

CCTAGGAACCCTCCTTTAATATTCA

ACAGCAATAGCTGGCTTC 

Construction of 

pMTL83151_Ptet_3-HP_opt and 

pMTL83151_Ptet_3-HP_phaJ 
RV_ldhD_3-HP_inf CTGAGCTCCTGCAGTAAAGGAGAA

CCTAGGTTATGAAGATTTTTGCTTA

CGGCATTCG 

FW_Ptet_nifJ_ldhD_inf TGCAGGCTTCTTATTTTTATTTAAT

TAACTTAATATTCAACAGCAATAG

CTGGCTTC 

Construction of 

pMTL83151_2Ptet_NLLPE 

RV_Ptet_nifJ_ldhD_inf CAATTGTTCAAAAAAATAATGGCG

GCGCGCCATAAAAATAAGAAGCCT

GCATTTGCAGG 
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Table 14: Primers used in this work (continued) 

Name Sequence (5’ to 3’) Application 

FW_PBAD_1_XhoI TCAAGTCTCGAGCCTCCTTAGAGCT

CGAATTCCC 
Construction of 

pMTL83151_gusA_PBAD 
RV_PBAD_1_XbaI ATGATTTCTAGATTATGACAACTTG

ACGGCTACATCATTCAC 

j5_gusA_fw CGTCACGCGTCCATGGAGATCTCG

AGATGCATGTCGACTTACGTCCTGT

AGAAACCC 

Construction of pMTL83151_gusA 

j5_gusA_rev CCTGCAAATGCAGGCTTCTTATTTT

TATGCTAGCTCATTGTTTGCCTCCC

TGCTGCGG 

FW_PtetR_BamHI CATGTTGGATCCATAAAAATAAGA

AGCCTGCATTTG 
Construction of 

pMTL83151_gusA_Ptet 
RV_PtetR_XhoI CTTCATCTCGAGTTCTCCTTTACTG

CAGGAGCTC 

FW_PbgaL_BamHI ATTGCAGGATCCGAGATGAAAAGT

ATTAGGGCTAATTTAG 
Construction of 

pMTL83151_gusA_PbgaL 
RV_PbgaL_XhoI TCGCATCTCGAGTTTACCCTCCCAA

TACATTTAAAATAATTATG 

FW_Pfac_IPTG_XbaI CAGCATTCTAGAGCAGGATAAAAA

AATTGTAG 
Construction of 

pMTL83151_gusA_Pfac 
RV_Pfac_IPTG_XhoI GATATGCTCGAGTGCCTCCTAAAT

GGGGATCCCC 

FW_p83_gusA_theo CCCTGAGAAGGGGCAACAAGATGC

ATGTCGACTTACGTCC 
Construction of 

pMTL83151_gusA_PackA-theo 
RV_p83_gusA_PackA AATAAAAAAATTGCTATTTTTTTCT

AGAGGATCCCCGGGTAC 

FW_PackA AAAAAATAGCAATTTTTTTATTTAT

TATC 

RV_PackA_theo CTTGTTGCCCCTTCTCAGGGTGCTG

CCAAGGGCATCAAGACGATGCTGG

TATCACCGGAACCTATAGTGAGTC

GTATTCTATATAATAACAGTTATAT

ATCTATAATACC 

FW_Ppta-ack1L_BamHI ATCGATGGATCCTGCTTATTTGATT

TACATTATAT 
Construction of 

pMTL83151_gusA_Ppta-ack 
RV_Ppta-ack1L_XhoI AGTGATCTCGAGGTCCTCCCTTTAA

ATTTAAC 
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II.9. Transformation of bacterial strains  

II.9.1. Transformation of E. coli strains 

II.9.1.1. Preparation and transformation of chemically competent   

E. coli DH5α cells 

Preparation of chemically competent cells of E. coli DH5α was performed following the 

procedures reported by Inoue et al. (1990) with slight modifications. Therefore, E. coli DH5α 

from a 5-ml over-night culture was used to inoculate 250 ml SOB medium (Table 6) to an 

OD600 of 0.1 in a 1-l Erlenmeyer flask. Cells were cultivated on a rotary shaker at 18 °C and 

175 rpm until the culture reached an OD600 between 0.6 and 0.8. The culture was distributed 

to sterile 250-ml centrifugation flasks with screw caps, incubated on ice for 10 min, and then 

centrifuged for 10 min (4000 g; 4 °C). Afterwards, the supernatant was discarded and the cell 

pellets were suspended in 40 ml cold TB buffer (transformation buffer; 10 mM Pipes; 55 mM 

MnCl2; 15 mM CaCl2; 250 mM KCl), centrifuged again for 10 min (4000 g; 4 °C) followed by 

disposal of the supernatants. The residual pellets were suspended in 10-ml TB buffer each, 

while slowly adding 1.5 ml of DMSO to each cell suspension. Eventually, aliquots (200, 400, 

and 600 µl) of the cell suspensions were transferred to 1.5-ml reaction tubes and immediately 

snap-frozen in liquid nitrogen. Frozen aliquots of chemically competent cells stayed 

competent for several months when stored at –80 °C. 

For transformation of chemically competent cells of E. coli DH5α either 50 to 1000 ng of 

plasmid DNA or the whole ligation reaction volume (10 to 20 µl) was added to 100 µl of 

chemically competent cells, mixed, and incubated for 15 to 30 min on ice followed by a heat 

shock for 45 s. Afterwards, cells were cooled down on ice for 10 min and 400 μl fresh LB 

medium were added to the cells. For regeneration, cells were incubated for 45 min at 37 °C 

shaking at 175 rpm. Finally, cells were concentrated by centrifugation (1700 g, 1 min, RT) and 

suspension in 100 µl spent LB medium. The whole cell suspension was plated on LB agar 

containing the appropriate antibiotic for plasmid selection. 

Screening of the transformed E. coli DH5α strains for the correct plasmid was performed via 

restriction enzyme digestion (II.7.1.6) of isolated plasmid DNA (II.7.1.1) optionally preceded 

by colony PCR (II.7.1.5) before DNA was sent for final verification by Sanger sequencing 

(II.11.1).  
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II.9.2. Construction of A. woodii ΔpyrE ΔlctBCD 

Our project partner at the University of Nottingham (PhD Jonathan Baker; Synthetic Biology 

Research Centre (SBRC) headed by Prof. Nigel Minton) developed a gene knock-out knock-

in system for A. woodii. The applied technique is based on pyrE-linked allelic coupled 

exchange (ACE; Minton et al., 2016; Sheng et al., 2017) and was first published as feasible in 

A. woodii in 2018 (Westphal et al., 2018). The pyrE gene encoding an orotate phosphoribosyl 

transferase is used as a counterselection marker in a pyrE mutant strain of A. woodii. 

Accordingly, our project partner at the University of Nottingham was commissioned to apply 

the developed technique to delete the genes lctB (etfB, AWO_c08710), lctC (etfA, 

AWO_c08720) and lctD (ldh, AWO_c08730) encoding the Ldh/Etf complex in A. woodii. 

Using pyrE-linked allelic coupled exchange in A. woodii (Westphal et al., 2018) this resulted 

in the creation of strain A. woodii ΔpyrE ΔlctBCD which was used in this work as a parental 

strain for further transformation experiments. 

II.9.3. Transformation of A. woodii strains 

The preparation of electrocompetent cells and transformation of A. woodii and 

A. woodii ΔpyrE ΔlctBCD was usually performed exactly as described by Hoffmeister et al. 

(2016). However, transformation was also successful when the preparation of 

electrocompetent cells was slightly modified (Baker, unpublished mod.): by using cells 

growing on 20 mM fructose in 300 ml modified DSMZ medium, wherein the otherwise usual 

(Leang et al., 2013; Hoffmeister et al., 2016) supplementation of D,L-threonine is omitted. In 

addition, in this modification cells were grown to an OD600 of 0.25 (instead of ~ 0.3 to 0.5; 

Hoffmeister et al., 2016)) and the final suspension of all washed cell pellets was performed in 

a total volume of 2 ml. Prior to transformation, the plasmid DNA to be utilized for 

transformation was checked for integrity via restriction enzyme digestion (II.7.1.6). 

Recombinant strains were verified by restriction analysis of plasmid DNA (II.7.1.6) 

originating either directly from recombinant A. woodii strains (II.7.1.2) or from E. coli DH5α 

(II.7.1.1) after transformation (Inoue et al., 1990) using plasmid DNA from the respective 

recombinant A. woodii strain. Additionally, 16S rDNA was amplified and sequenced for 

control of the parental strain identity. Alternatively, A. woodii ΔpyrE ΔlctBCD was checked 

via PCR using primers AW_sLCT_FlankR and AW_sLCT_FlankF for amplification of the 

truncated part of the lct operon.  
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II.9.3.1. Chromosomal DNA integration in A. woodii ΔpyrE ΔlctBCD  

First, transformation of A. woodii ΔpyrE ΔlctBCD was performed as described in II.9.2 using 

the plasmid p80_pyrE_Ptet_ldhD. However, in contrast to the standard transformation 

procedure, several selection steps need to be performed (Minton et al., 2016). The first 

selection was performed at elevated selection pressure using 60 µg/ml thiamphenicol. After 

successful growth in mod. DSMZ medium 135 supplemented with 20 µg/ml uracil medium 

with the selective pressure of 60 µg/ml thiamphenicol indicating complete chromosomal 

integration of the plasmid p80_pyrE_Ptet_ldhD, cells were successively subjected to an altered 

selective pressure represented by a lack of uracil in the medium. This was accomplished via 

transfer of the cells to modified DSMZ medium 135 without supplementation of uracil and 

after further growth of the cells via additional transfer to a second mod. DSMZ medium 135 

containing neither yeast extract nor uracil but 3 g/l NH4Cl as a nitrogen source. After positive 

growth in this selection medium cells were checked for the correct integration of the Ptet-ldhD 

fragment via two individual PCR (II.7.1.5) tests. 

The first test was performed using a primer pair flanking the entire chromosomal integration 

region without annealing to the plasmid p80_pyrE_Ptet_ldhD (FW_pyrE_Region and 

RV_pyrE_Region), whereas the second test was based on using another pair of primers with 

one primer annealing adjacent to the integration site (FW_pyrE_Region) and the other inside 

the heterologous Ptet-ldhD sequence (FW_Ptet_nifJ_ldhD_inf) for control of the correct 

integration of the left homology arm. For further growth experiments and strain 

characterization, the specific strain was used showing the correct amplicon size in both direct 

PCR analyses. Since the correct integration of the Ptet-ldhD sequence was supposed to be 

concomitant with a restoration of the pyrE mutant gene (Minton et al., 2016; Sheng et al., 

2017) in A. woodii ΔpyrE ΔlctBCD the respective strain was designated as 

A. woodii ΔlctBCD ΔpyrE::pyrE-Ptet-ldhD. 
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II.10. Product and growth analysis 

II.10.1. Treatment of bacterial cultures and determination of growth 

parameters 

To avoid contamination of bacterial cultures during the growth experiment, cultures were 

always treated under aseptic conditions and thus only accessed using sterile syringes (CODAN 

Medizinische Geräte GmbH & Co KG, Lensahn, Germany) and sterile needles (Becton, 

Dickinson and Company, Franklin Lakes, NJ, USA). 

Before samples were withdrawn for OD600 measurments and further analyses (II.10.2) using 

sterile syringes, the pressure loss was determined in the headspace of the cultivation bottles 

during growth experiments under autotrophic conditions with a manometer (WIKA Alexander 

Wiegand SE & Co. KG, Klingenberg am Main, Germany). When the overpressure in the 

headspace dropped below 0.5 bar, the headspace of the flasks was refilled with CO2 + H2 to 

1.0 bar assuring sufficient supply of carbon and energy source during autotrophic growth. 

Growth of bacterial cultures was determined photometrically by measuring the optical density 

in 1-ml cuvettes with a thickness of 10 mm (VWR International, Radnor, PA, USA) at a 

wavelength of λ = 600 nm (OD600) using a Novaspec III spectrophotometer (GE Healthcare, 

Chicago, IL, USA). As a blank sterile medium was used. Samples and blank were diluted 

using distilled water when an OD600 value of 0.4 was exceeded. The respective dilution factor 

was considered accordingly for calculation of the resulting OD600 of the culture. The OD600 

values of the exponential growth phase were used to determine growth rate and doubling time 

of the culture according to the laws of exponential growth of bacterial cultures as described 

by Monod (1949). After repeated breakdown of the Novaspec III spectrophotometer, the 

Genesys 30 Visible Spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA) 

was used instead for measuring the OD600. 

II.10.2. Sample preparation for pH measurements, substrate, and 

product analysis 

For sample preparation during the growth experiments, 2 ml of the respective bacterial culture 

were withdrawn using a sterile syringe, transferred to 2-ml reaction tubes, and centrifuged 

(17,950 g, 30 min, 4 °C). At least 300 µl of the culture supernatant was transferred to 1.5-ml 

reaction tubes for measuring the pH of the culture supernatant at room temperature using a 

single diaphragm pH electrode SM 224 (VWR International, Radnor, PA, USA). The residual 

culture supernatant was stored at -20 °C in a separate 2-ml reaction tube until HPLC analysis 
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was performed. Prior to HPLC analysis, frozen samples were defrosted and centrifuged again 

(17,950 g, 30 min, 4 °C). A volume of at least 350 µl of the supernatant was transferred to crimp 

vials (CS-Chromatographie Service GmbH, Langerwehe, Germany) for analysis via HPLC. 

II.10.3. Substrate and product analysis via high-performance liquid 

chromatography (HPLC) 

The separation of carboxylic acids (and sugars) via reversed-phase HPLC were performed 

analogously to the description of Lee (1982) by using a poly(styrene-divinylbenzene) 

stationary phase. Fructose consumption as well as the product formation of acetate, lactate, 

and 3-HP of recombinant stains of A. woodii were determined using an Agilent 1260 Infinity 

Series HPLC system (Agilent Technologies, Santa Clara, CA, USA) equipped with two binary 

pumps, an autosampler module, column oven, a refractive index detector (RID), and a diode 

array detector (DAD). 

II.10.3.1. Separation and analysis of 3-HP, lactate, acetate, and fructose 

For analysis of lactate, acetate, and fructose the system was run with 5 mM of H2SO4 as a 

mobile phase at a flow rate of 0.7 ml/min. 20 μl of culture supernatant were injected into the 

system and separated using either the organic acid resin 150 × 8 mm column or the organic 

acid resin 300 × 8 mm column (CS-Chromatographie Service GmbH, Langerwehe, Germany) 

kept at 40 °C as stationary phase. Fructose and lactate were quantified from the signal of the 

refractive index detector, acetate from the signal of the diode array detector, both operating at 

35 °C.  

For analysis of acetate, fructose, and the isomers lactate and 3-HP the system was run with 

5 mM of H2SO4 as a mobile phase at a flow rate of 0.6 ml/min. 20 μl of culture supernatant 

were injected into the system and separated using a the organic acid resin 300 × 8 mm column 

(CS-Chromatographie Service GmbH, Langerwehe, Germany) kept at 20 °C as stationary 

phase. Lactate and 3-HP were quantified from the signal of the refractive index detector 

operating at 40 °C.  

Quantification of analytes was achieved via signal calibration using external standards of each 

substance prepared using appropriate, rising concentrations from 0.5 mM to 200 mM. For 

signal baseline correction, a vial filled with 500 µl sterile culture medium were used. Baseline 
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correction was performed for the quantification of lactate when a weak background RID signal 

was detected from sterile culture medium. 

II.11. DNA sequencing and synthesis 

II.11.1. DNA sequencing of small fragments 

For verification of constructed plasmids and for identification of 16S rDNA amplicons, 

plasmids or the PCR fragments were sent to the company GATC Biotech AG (Konstanz, 

Germany; later acquired by Eurofins Genomics GmbH, Luxemburg, Luxemburg) where they 

were sequenced via Sanger sequencing (Sanger et al., 1977). Primers used for sequencing 

(Table 14) were either sent to GATC Biotech AG together with the samples or designed using 

the primer design tool of the company (www.eurofinsgenomics.eu/en/ecom/tools/sequencing-

primer-design), synthesized, and stored at the company for at least one year to be used for 

further sequencing assignments. The obtained .ab1-data files were utilized for sequence 

analysis via the CLC Main Workbench software (QIAGEN Aarhus A/S, Aarhus Denmark) or 

using the Basic Local Alignment Search Tool (BLAST) on the NCBI website.  

II.11.2. Genome sequencing 

Within this work, the genomes of the two strains Clostridium neopropionicum X4 (DSM 

3847T) and Clostridium homopropionicum LuHBu1 (DSM 5847T) were sequenced in 

cooperation with Dr. Anja Poehlein at the Georg-August University Göttingen in the 

Department Genomic and Applied Microbiology & Göttingen Genomics Laboratory 

(Göttingen, Germany). To generate Illumina shotgun sequencing libraries, chromosomal DNA 

was extracted using the MasterPure complete DNA purification kit (Epicentre, Madison, WI, 

USA) and sequenced using Illumina sequencing Illumina MiSeq machine, as recommended 

by the manufacturer (Illumina, San Diego, CA, USA). The obtained 300-bp paired-end reads 

were trimmed using the preprocessing tool Trimmomatic (0.32 and 0.35) removing sequences 

with lower quality scores and adaptor sequences (Bolger et al., 2014). The SPAdes genome 

assembler software (version 3.5.0 and version 3.6.2) was used for de novo assembly of the 

remaining reads (Bankevich et al., 2012) resulting in 48 contigs regarding the draft genome 

of C. homopropionicum and 29 contigs regarding the draft genome of C. neopropionicum with 

an average coverage of 180- and 182-fold, respectively. Gene prediction and annotation was 
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performed automatically (Beck et al., 2015, 2016), whereas the genome analysis was 

performed manually as described in section II.13. 

II.11.3. Gene synthesis 

Synthesis of small DNA fragments, coding sequences, and codon optimization after providing 

the respective coding usage table was successfully conducted by Eurofins Genomics GmbH 

(Luxemburg, Luxemburg).  

II.12. Protein methods 

II.12.1. Cell disruption  

Cells were harvested in falcon tubes via centrifugation (3,773 g, 4 °C, 10 min), washed in the 

appropriate buffer and eventually suspended in 1 ml of the same buffer. Cell disruption was 

performed in cryotubes filled to a volume of 250 µl with glass beads of 0.1 mm diameter (Carl 

Roth GmbH & Co. KG, Karlsruhe, Germany) using a Ribolyser Precellys24 (Bertin 

Instruments, Montigny-le-Bretonneux, France; 3 x 30 s, 6500 rpm, 4 °C), interrupted by one-

minute cooling steps on ice. For the removal of cell debris and glass beads, cell lysates were 

centrifuged for 15 min at 17,968 g and 4 °C and transferred to fresh reaction tubes. For 

β-Glucuronidase assays (II.12.10), cell lysates were kept on ice until further use. Cell lysates 

could be stored at -20 °C for further analyses via SDS-polyacrylamide gel electrophoresis 

(II.12.4) and Western blotting (II.12.6).  

II.12.2. Determination of protein concentration 

Protein concentrations of cell lysates were determined using the Pierce BCA protein assay kit 

(Thermo Fisher Scientific Inc., Waltham, MA, USA) according to the instructions of the 

manufacturer.  
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II.12.3. Sample preparation for SDS-polyacrylamide gel electrophoresis 

(SDS-PAGE) 

Cell disruption (II.12.1) and determination of protein concentration (II.12.2) was performed 

using cells suspended in sodium phosphate buffer (50 mM, pH 7.0). Before proteins were 

separated via SDS-PAGE (Laemmli, 1970), samples were adjusted to equal protein 

concentration of 1.5 μg/μl, supplemented with Pierce™ Lane Marker Reducing Sample Buffer 

(Thermo Fisher Scientific Inc., Waltham, MA, USA), and heated to 70 °C for 10 min.  

II.12.4. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

The TGX Stain-Free™ FastCast™ Acrylamide Kit (10 %; Bio-Rad Laboratories, Inc., 

Hercules, CA, USA) was used to pour gels using the components of the SureCast™ Handcast 

System (Thermo Fisher Scientific Inc., Waltham, MA, USA) by following the instructions of 

the respective manufacturer. Polyacrylamide gels were placed in a Mini Gel Tank (Thermo 

Fisher Scientific Inc., Waltham, MA, USA), filled with Novex™ Tris-Glycine SDS Running 

Buffer (Thermo Fisher Scientific Inc., Waltham, MA, USA). The Gels were loaded with 30 µg 

of the prepared sample (II.12.3), while 7 µl of the PageRuler™ Prestained Protein Ladder (10 

to 180 kDa; Thermo Fisher Scientific Inc., Waltham, MA, USA) were loaded next to the 

samples as reference for the respective mass of the separated proteins. Proteins were separated 

by applying a constant electric current of 80 mA for 35 min.  

II.12.5. Protein staining 

In contrast to standard staining methods such as silver staining and staining with Coomassie 

Brilliant Blue, the Stain-Free Imaging Technology incorporated in the TGX Stain-Free™ 

FastCast™ Acrylamide Kit (10 %; Bio-Rad Laboratories, Inc., Hercules, CA, USA) used for 

preparation of polyacrylamide gels (II.12.4) allows further downstream processing of the gels 

such as Western blotting (Elbaggari et al.). Via utilization of a proprietary trihalo compound 

covalently binding as a 58 Da moiety to tryptophan, the fluorescence of tryptophan amino 

acids is enhanced allowing the visualization of proteins directly using UV light with a 

detection limit between 20 to 50 ng (Ladner et al., 2006, Bio-Rad, 2019). Thus, the proteins 

were visualized directly after SDS-PAGE (II.12.4) via trans-illumination at λ = 312 nm of the 

polyacrylamide gels using the E Box VX2 gel documentation system (Vilber Lourmat 
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Deutschland GmbH, Eberhardzell, Germany). After visualization of the proteins in the 

polyacrylamide gel, the identical gel was used to perform the Western blot (II.12.6) assuring 

100 % loading control transparency. 

II.12.6. Western blot  

The method of protein transfer from polyacrylamide gels to nitrocellulose membranes (later 

termed Western blot; II.12.6) following immunostaining (II.12.7) was first described by 

Towbin et al., (1979). After performing the SDS-PAGE (II.12.4), the polyacrylamide gel was 

placed on top of a nitrocellulose membrane (0.2 µm pore size) using the Power Blotter Select 

Transfer Stacks (Thermo Fisher Scientific Inc., Waltham, MA, USA) followed by semi-dry 

blotting of the proteins using the Mixed-Range MW blotting method (25 to 150 kDa; 1.3 A, 

7 min) of the Power Blotter XL System (Thermo Fisher Scientific Inc., Waltham, MA, USA) 

following the instructions of the manufacturer. 

II.12.7. Immunostaining 

Prior to immunostaining, the nitrocellulose membrane containing the transferred proteins was 

shortly rinsed with 50 ml TBST (Tris-buffered saline plus Tween® 20; 20 mM Tris, pH 7.5; 

150 mM NaCl, 0.1 % (w/v) Tween® 20). Subsequently, blocking of the residual binding 

capacity of the membrane was performed using 3 % (w/v) bovine serum albumin (BSA) 

(Towbin et al., 1979) in 50 ml TBST for 1 h at room temperature. After another short rinsing 

step using 50 ml TBST, the membrane was incubated with polyclonal primary antibodies 

(1:7500 diluted in 50 ml TBST) raised against heterologously produced Ehy (kindly provided 

by Dr. Anja Wiechmann (Goethe University Frankfurt, Germany) and produced by Davids 

Biotechnologie GmbH (Regensburg, Germany)) for 1 h at room temperature. After three 

washing steps for 5 min each using 50 ml TBST the membrane was incubated for 1 h at room 

temperature with the horseradish peroxidase(HRP)-conjugated polyclonal secondary Goat 

Anti-Rabbit Immunoglobulins/HRP antibodies (Dako Denmark A/S, Glostrup, Denmark) 

diluted 1:2000 in 50 ml TBST. Eventually, after additional three washing steps for 5 min each 

using 50 ml TBST, the detection of the Western blot was achieved via chemiluminescence 

using the SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo Fisher 
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Scientific Inc., Waltham, MA, USA) and the iBright™ FL1000 Imaging System (Thermo 

Fisher Scientific Inc., Waltham, MA, USA) following the instructions of the manufacturer.  

II.12.8. Western blot membrane stripping 

For removal of primary and secondary antibodies from the Western blot membrane, stripping 

was performed allowing the re-probing of the membrane with freshly prepared antibody 

solutions if a blot failed to generate an adequate signal (Alegria-Schaffer et al., 2009). 

Therefore, the membrane was rolled (protein surface inside) and placed into a falcon tube 

filled with stripping buffer (100 mM β-mercaptoethanol, 2.0 % (w/v) SDS; 62.5 mM Tris-HCl 

(pH 6.8); Kaur and Bachhawat mod., (2009)) and incubated at 45 °C for 45 min. Afterwards, 

the membrane was washed thoroughly three times with 50 ml TBST for 10 min each, before 

immunostaining (II.12.7) was repeated starting with blocking of the nitrocellulose membrane.  

II.12.9. Fluorescence measurements using mCherry 

The method for measuring the fluorescence using mCherry was based on the procedures 

described by Ransom et al. (2015). Recombinant E. coli DH5α harboring pDSW1728 

derivatives were cultured in 5 ml LB medium. An overnight culture was diluted (1:100) for 

inoculation in 5 ml LB medium. When inducible promoter systems were used controlling 

mCherryOpt, cells were induced after cultivation at 37 °C for 4 h using the respective 

concentration of the inducer (lactose or anhydrotetracycline). The following day, the OD600 

was recorded (II.10.1) and cells were kept on ice. Cell suspensions were adjusted to an OD600 

of 0.5 and washed twice (3,000 g, 5 min, 4 °C) using 0.5 ml of a NaCl solution (0.8 % (w/v)). 

The OD600 was recorded again and 200 µl of the cell suspensions used for fluorescence 

measurements in flat-bottom 96-well microtiter plates (Greiner Bio-One International GmbH, 

Kremsmünster, Austria) using an Infinite M200 multimode reader (Tecan Group AG, 

Switzerland). The excitation wavelength was set to λex = 554 nm and the emission spectrum 

was recorded from λem = 580 to 630 nm (gain setting, 100). The emission at λem = 610 nm was 

normalized to the recorded OD600 of the respective sample yielding the relative fluorescence.  
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For fluorescence measurements using A. woodii [pDSW1728], cells were cultured 

heterotrophically and induced using anhydrotetracycline (20 to 200 ng/ml) when the mid or 

late log phase was reached (0.4 to 1.0). Afterwards, cells were further cultivated until the next 

morning and harvested and processed as described above for E. coli. In addition, 900 μl of the 

cell suspensions were used to prepare cell lysates using a Ribolyser Precellys24 (Bertin 

Instruments, Montigny-le-Bretonneux, France) as described in II.12.1. For chromophore 

maturation samples were exposed to air for at least 6 h prior to fluorescence measurements. 

The fluorescence measurements using cell suspensions and cell lysates were performed 

identically as described above for E. coli. 

II.12.10. β-Glucuronidase assays 

GusA activity was determined as described in Beck et al. (2019). If not indicated otherwise, 

triplicates of recombinant A. woodii strains harboring the pMTL83151_gusA derivatives 

possessing promoters PbgaL, PBAD, Ptet, Pfac, PackA-theo, and Ppta-ack (Table 13) were cultured 

heterotrophically until the mid or late log phase was reached (OD600 ~ 0.4 to 1.3). Depending 

on the promoter system encoded on the respective pMTL83151_gusA derived plasmid, 

recombinant A. woodii cells were induced via the supplementation of either 1 mM lactose, 

0.02 and 0.2 % (v/v) L-arabinose, 200 and 400 ng/ml anhydrotetracycline (atc), 1 mM IPTG, 

or 1 mM theophylline. Additionally, respective strains were also cultivated without 

supplementation of an inducer. After induction with the respective substance, cells were 

further cultivated and harvested while continued growth was noticed (after two hours, four 

hours, or overnight). Cell disruption (II.13.1) and determination of protein concentration 

(II.13.2) was performed with cells suspended in GusA buffer (50 mM sodium phosphate, 1 mM 

EDTA, pH 7.0 (J. Zhang et al., 2015)) while 25 to 50 ml of the cell culture were washed twice 

using GusA buffer prior to cell disruption (II.13.1). While following the general procedure 

reported by J. Zhang et al., (2015), in this work GusA activity measurements of crude protein 

extract were performed in flat-bottom 96-well microtiter plates (Greiner Bio-One International 

GmbH, Kremsmünster, Austria). Pre-warmed (37  C) MUG assay buffer (GusA buffer 

containing 4 mM MUG (4-methylumbelliferyl-β-D-glucuronide; Sigma-Aldrich Chemie 

GmbH, Steinheim, Germany)) was added to varying dilutions of crude protein extract (20 µl) 

from recombinant A. woodii strains to start the enzymatic reaction. To record the respective 

fluorescence kinetic curves, either an Infinite M200 multimode reader (Tecan Group AG, 

Switzerland) with a time-scan mode (λex = 365 nm, λem = 455 nm, excitation 
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bandwidth = 9 nm, emission bandwidth = 20 nm, gain = 100) or a Synergy™ H1 microplate 

reader (BioTek Instruments, Inc., Winooski, USA) were used with the identical wavelength 

configurations measuring every 30 s for 10 min at 37 °C. The amount of 4-MU 

(4-methylumbelliferone, Sigma-Aldrich Chemie GmbH, Steinheim, Germany) formed from 

MUG during the assay was calculated via a calibration curve determined by recording the 

fluorescence of 180 µl of pre-warmed (37 °C) MUG assay buffer supplemented with 20 µl of 

respective 4-MU stock solutions (0.5 µM to 100 µM) in the same fashion as described above. 

The slope of the curve of the formed 4-MU was calculated in pmol/min and used together with 

the respective protein concentration to determine the specific activity (defined in µU/mg).  

II.13. Bioinformatics and software used in this work  

Genome sequence and 16S rDNA analyses were performed by using the Basic Local 

Alignment Search Tool (BLAST) from the NCBI website (National Center for Biotechnology 

Information, Bethesda, MD, USA). For genome analysis, BLASTp and tBLASTn were 

applied using the NCBI online tool and the Integrated Microbial Genomes-Expert Review 

(IMG-ER; Markowitz et al., (2014); Chen et al., (2019)) to search within the amino acid and 

translated nucleotide subject sequence while using a protein query from a protein of known 

function, respectively. For in silico structural analysis of amino acid sequences and their 

comparison, the online tool InterPro (EMBL-EBI, Hinxton, Cambridgeshire, UK) was used. 

For the creation of a codon usage table based on the genome sequence of A. woodii (Poehlein 

et al., 2012), the online tool emboss cusp (European Bioinformatics Institute, Hinxton, 

Cambridge, UK) was used. 

In addition, non web-based software used in this work is listed in Table 15.  

Table 15: Software used in this work 

Software Version Reference 

ChemDraw®  Professional  16.0.0.82 
PerkinElmer Informatics Inc., 

Cambridge, MA, USA  

CLC Main Workbench 8.0.1 
QIAGEN Aarhus A/S, Aarhus 
Denmark 

MapleTM 2017.3 
Waterloo Maple Inc., Waterloo, ON, 

Canada 

Microsoft Office Professional Plus 2013 
Microsoft Corporation, Redmond, 
WA, USA 

OriginPro 2017G b9.4.0.220 
OriginLab Corporation, Northampton, 
MA, USA 
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To find the suitable model for the constrution of phylogenetic trees using the CLC Main 

Workbench software (QIAGEN Aarhus A/S, Aarhus Denmark), first, the model testing feature 

of the software was used resulting in the following settings for the phylogenetic tree 

construction: construction method, neighbor joining; nucleotide substitution model, general 

time reversible; protein substitution model, WAG; transition/transversion ratio, 2.0; include 

rate variation, true; number of substitution rate categories, 4; gamma distribution parameter, 

1.0; estimate substitution rate parameter(s), true; estimate topology, true; estimate gamma 

distribution parameter, false; perform bootstrap analysis, true; replicates, 100.  
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III. Results 

III.1. Establishment of an inducible promoter system for 

Acetobacterium woodii 

To elucidate the feasibility of several inducible and constitutively active promoters in 

A. woodii two different reporter genes were used encoded on Clostridium-E. coli shuttle 

plasmids. On the one hand, a low GC codon-optimized mCherry (Ransom et al., 2015) 

encoding the red fluorescent protein mCherry and on the other hand the gusA gene from E. 

coli encoding the β-glucuronidase. Both reporter systems have previously been shown to be 

feasible for other anaerobic bacteria such as Clostridium difficile (Ransom et al., 2015), 

Clostridium perfringens (Hartman et al., 2011), Clostridium acetobutylicum (Al-Hinai et al., 

2012), Clostridium ljungdahlii (Banerjee et al., 2014), and Bifidobacterium bifidum (Grimm 

et al., 2014). Due to the fact that genetic engineering of A. woodii commonly implies the 

utilization of Escherichia coli as an “alternate host” for plasmid DNA, the feasibility of the 

respective promoter system in E. coli is also desired and was thus analyzed using mCherryOpt 

as a reporter gene.  

 

III.1.1. Promoter studies using the red fluorescent protein mCherry 

Several promoter sequences were cloned (see schematic visualization in Figure 5a) into the 

Clostridium-E. coli shuttle plasmid pDSW1728 controlling mCherryOpt. With respect to 

A. woodii, the transfer of these plasmids was only successful using pDSW1728 harboring a 

version of the fluorescent protein encoding gene mCherry codon-optimized for low GC 

bacteria (mCherryOpt) under control of the tetracycline-inducible promoter system (Ptet). The 

verification of the transformed A. woodii strain using pDSW1728 was conducted via direct 

plasmid preparation followed by analytical digestion (using BamHI and ScaI) and gel 

electrophoresis (Figure 5b). The created recombinant strain was further designated A. woodii 

[pDSW1728].  

However, except for this positive transformation of A. woodii using pDSW1728, all other 

attempts (n ≤ 3; 3-4 biological replicates each) to transform A. woodii to create recombinant 

strains expressing mCherryOpt at a presumably higher or constitutive level (using PbgaL, 

Ppta-ack, Pptb, and PthlA) failed. 
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Relative fluorescence values (fluorescence divided by OD600 of the strain) of all analyzed 

recombinant E. coli strains harboring pDSW1728 derived plasmids (Figure 5a) with different 

promoter sequences are illustrated in relation to the strongest recorded relative fluorescence 

in Figure 6.  

In E. coli DH5α, the highest relative fluorescence was recorded when the reporter gene 

mCherryOpt, encoding the red fluorescent protein mCherry, was controlled by the thiolase 

promoter (PthlA) from C. acetobutylicum. More than 70 % lower relative fluorescence values 

were obtained when mCherryOpt was controlled by the Ppta-ack promoter from C. ljungdahlii 

or the Pptb promoter from C. acetobutylicum.  

However, the latter two promoter sequences controlling mCherryOpt led to the second highest 

relative fluorescence values recorded.  

When the Ppta-ack whole length promoter sequence from C. ljungdahlii in the plasmid 

pDSW1728_Ppta-ack (189 to 30 bp upstream of the ATG from pta (CLJU_c12770)) was divided 

into the two shorter fragments Ppta-ackS1 (189 to 88 bp upstream of the ATG from pta; including 

Figure 5: (a) Scheme of the plasmid pDSW1728 (based on Ransom et al., 2015) and the 
cloning of pDSW1728 derivatives such as pDSW1728_PbgaL via exchanging the 
respective promoter sequences using the restriction sites NheI and SacI. Ptet:
tetracycline-inducible promoter; tetR: encoding the tetracycline repressor from Tn10; orfB

and repA, pMTL960 replicon for Gram-positive bacteria from C. difficile; ColE1, replication 
region from the E. coli plasmid pBR322 modified for higher copy number; catP, 
chloramphenicol resistance gene; traJ, gene necessary for conjugal transfer; mCherryOpt, 
codon optimized gene for expression in low-GC bacteria encoding red fluorescent protein
mCherry; bgaR and PbgaL, encoding a transcriptional regulator BgaR and the promoter 
sequence of divergently transcribed and regulated bgaL encoding a β-galactosidase from 
C. perfringens. (b) DNA fragments of pDSW1728 after analytical restriction enzyme 
digestion and gel electrophoresis (0.8% (w/v) agarose gel). 1, plasmid DNA isolated from 
E. coli DH5α; 2, plasmid DNA isolated directly from the respective recombinant A. woodii

strain; -, undigested plasmid DNA +, digested plasmid DNA using BamHI and ScaI 
(expected fragments, 2968 + 2844 + 2105bp); M, GeneRulerTM DNA Ladder Mix. 
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published promoter sequence and transcriptional start point (Hoffmeister et al., 2016)) and 

Ppta-ackS2 (89 to 31 bp upstream of the ATG from pta; containing only the published 

transcriptional start point followed by 59 bp of the upstream region of pta (Hoffmeister et al., 

2016)) higher relative fluorescence values were detected using Ppta-ackS2 in comparison to very 

low values obtained from Ppta-ackS1. Nevertheless, the relative fluorescence values recorded 

using both Ppta-ackS1 and Ppta-ackS2 added together are still approximately only half of the 

magnitude as obtained when using the full sequence of Ppta-ack controlling mCherryOpt. 

In contrast, when using the longer version of the lactose-inducible promoter system PbgaL2(long) 

(including additionally the native RBS and the first 31 bp of bgaL gene from C. perfringens 

fused with an artificial stop codon) very similar relative fluorescence values were recorded as 

with the shorter version PbgaL. However, in E. coli regardless of the used version of the PbgaL 

promoter sequence, the supplementation of 1 mM lactose led to higher relative fluorescence 

Figure 6: Relative fluorescence measurements in E. coli DH5α harboring pDSW1728 derivatives.
Relative fluorescence values were normalized to the highest values obtained when mCherryOpt was 
controlled by the promoter of the thiolase gene (PthlA) from Clostridium acetobotylicum in E. coli DH5α
[pDSW1728_PthlA]. As a negative control strain E. coli DH5α [pDSW1728_C] was used harboring the 
pDSW1728 plasmid with the Ptet sequence excised. Ptet, tetracycline-inducible promoter from 
pDSW1728 (induction with anhydrotetracycline (atc)); PbgaL and PbgaL2(long), two versions of the lactose-
inducible promoter from C. perfringens; Pptb, promoter from transbutyrylase gene from 
C. acetobutylicum; Ppta-ack, Ppta-ackS1, and Ppta-ackS2, (putative) promoter sequences decreasing in length 
containing the (putative) promoter(s) from the phosphotransacetylase (pta) and acetate kinase (ack) gene 
from C. ljungdahlii; n.a., no activity; Error bars indicate the standard deviation within biological 
triplicates. This figure was modified from Grun (2016) with courtesy of Anna Grun. 
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values compared to non-induced cells, and fluorescence could not be further increased with 

inducer supplementations of 10 or 20 mM lactose.  

Additionally, when Ptet was controlling mCherryOpt in the original pDSW1728 plasmid, the 

respective E. coli DH5α strain showed extremely low relative fluorescence without previous 

induction with anhydrotetracycline (atc). However, when the E. coli cells were induced with 

100 ng/ml atc, a significant increase in fluorescence was noticed which could further be 

intensified with increased inducer concentration (400 ng/ml atc) to relative fluorescence values 

of a similar range as measured when using the induced PbgaL promoter system.  

 

The recorded fluorescence signal from mCherry when using the recombinant 

A. woodii [pDSW1728] could not be distinguished from the wild type fluorescence 

background with any of the applied inducer concentrations (20-200 ng/ml atc). This was the 

case using either washed cell suspensions or cell lysates (data not shown). Taking this and the 

above mentioned miscarried transformations using presumably strong constitutive promoters 

into account, mCherryOpt was not further considered as a reporter gene for promoter studies 

in A. woodii. 

 

III.1.2. Promoter studies using β-glucuronidase (GusA) assays  

The gusA gene from E. coli was introduced without a promoter into the Clostridium-E. coli 

shuttle vector pMTL83151 resulting in the plasmid pMTL83151_gusA. To control the gusA 

gene, several (inducible) promoters were subcloned into the plasmid pMTL83151_gusA using 

the restriction enzymes sites BamHI or XbaI in combination with XhoI. A scheme of the 

cloning strategy for the construction of pMTL83151_gusA derivatives is illustrated in 

Figure 7a. The successful transformation of A. woodii using pMTL83151_gusA and 

respective derivatives was confirmed via analytical restriction enzyme digestion and gel 

electrophoresis. Figure 7b shows exemplary the verification of plasmids from transformed 

A. woodii strains using pMTL83151_gusA, pMTL83151_gusA_Pfac, and 

pMTL83151_gusA_Ptet via analytical restriction enzyme digestion using BamHI and XhoI 

following gel electrophoresis.  

Figure 8 showes an own illustration of data based on Beck et al. (2019). In addition, Figure 8 

summarizes the results of all β-glucuronidase (GusA) assays obtained with the recombinant 

A. woodii strains showing GusA activity due to expression of the heterologous gusA from the 

pMTL83151_gusA plasmid under control of the respective (inducible) promoter. Depending 
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on the promoter sequences used differences of up to four orders of magnitude regarding the 

specific GusA activity were noticed (Figure 8).  

The highest activities were recorded when gusA was either under control of the constitutive 

pta-ack promoter from C. ljungdahlii (7.8 ∙ 105 ± 1.6 ∙ 105 µU/mg (Beck et al., 2020)) or 

controlled by the synthetic IPTG/lactose-inducible promoter Pfac in the induced strain 

(7.8 ∙ 105 ± 1.7 ∙ 105 µU/mg). When using these two promoters controlling gusA in A. woodii 

at the conditions under which the assays were performed, the respective specific GusA activity 

was higher shortly after the time of induction than when measured four hours after induction.  

In contrast to the inducible promoter systems analyzed in the case of the constitutive Ppta-ack, 

the respective strain A. woodii [pMTL83151_gusA_Ppta-ack] was not induced by 

supplementation of a certain substance but analyzed at the same time points as the inducible 

strains to assure simultaneous analyses. Nevertheless, there was a inducible behavior noticed 

Figure 7: (a) Scheme of the cloning strategy for the construction of pMTL83151_gusA derivatives such 
as exemplary pMTL83151_gusA Ptet and pMTL83151_gusA_Pfac via introduction of the respective 
promoter sequences using the restriction sites BamHI/XbaI and XhoI. Ptet, tetracycline-inducible 
promoter; tetR, encoding the tetracycline repressor from Tn10; repH, pCB102 replicon for Gram-positive 
bacteria from Clostridium butyricum; ColE1, high-copy number replicon for Gram-negative bacteria derived 
from pMTL20; catP, chloramphenicol resistance gene; traJ, gene necessary for conjugal transfer; gusA, gusA

gene from E. coli encoding the β-glucuronidase; Pfac+ lacO, synthetic IPTG/lactose-inducible promoter Pfac

containing the promoter of the C. pasteurianum ferredoxin gene adjacent to an E. coli lac operator (lacO); 
lacI, encoding LacI repressor from E. coli. (b) DNA fragments of pMTL83151_gusA (1, 2), 
pMTL83151_gusA_Pfac (3, 4), and pMTL83151_gusA_Ptet (5, 6) after analytical restriction enzyme 
digestion (BamHI and XhoI) and gel electrophoresis (2% (w/v) agarose gel). Even numbers, plasmid 
DNA isolated from E. coli DH5α; odd numbers, plasmid DNA isolated directly from the respective 
recombinant A. woodii strain; expected fragments, pMTL83151_gusA, 6083 + 41bp;
pMTL83151_gusA_Pfac, 6083 + 2007 + 24bp; pMTL83151_gusA Ptet, 6083 + 870bp; M, GeneRulerTM DNA 
Ladder Mix.  
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when using Pfac since higher activities were recorded when the cells were induced with 1 mM 

IPTG compared to the non-induced cells. However, the non-induced strain A. woodii 

[pMTL83151_gusA_Pfac] exhibited a substantial basal activity (5.1 ∙ 105 ± 3.9 ∙ 104 and 

2.6 ∙ 105 ± 3.7 ∙ 103 µU/mg (Beck et al., 2020)) indicating a rather weak regulation of gusA by 

Pfac.  

Considerable basal activities (3.1 ∙ 103 ± 2.4 ∙ 102 µU/mg) were also recorded when gusA was 

controlled by the lactose-inducible promoter from C. perfringens PbgaL (Beck et al., 2020). 

However, this was only the case when cells were incubated for four additional hours after the 

time of induction. Shortly after the time of induction, no activity was recorded even when 

using the induced cells. However, after another two hours of incubation the reported specific 

activities were in a clearly measurable range showing an inducer-dependent behavior with 

approximately seven times higher activities (2.2 ∙ 104 ± 8.3 ∙ 103 µU/mg) in the lactose-

induced strain compared to the non-induced strain (Beck et al., 2020). 

Figure 8: Specific GusA activities in relation to the respective promoters in recombinant A. woodii

[pMTL83151_gusA]-cells measured after induction (first row, 2, 4 h or overnight incubation (o.)). gusA, gusA 

without promoter (negative control); gusA_Ppta-ack, gusA under control of the constitutive promoter Ppta-ack from 
Clostridium ljungdahlii; gusA_Pfac, gusA under control of the synthetic IPTG/lactose-inducible promoter Pfac with 
(+) and without (-) supplementation of 1mM IPTG; gusA_PbgaL, gusA under control of the lactose-inducible promoter 
PbgaL from C. perfingens with (+) and without (-) supplementation of 1mM lactose; gusA_PackA-theo, gusA under 
control of the PackA promoter from A. woodii linked downstream to a theophylline riboswitch with (+) and without (-) 
supplementation of 1mM theophylline; gusA_Ptet, gusA under control of the tetracycline-inducible promoter Ptet

without (-) and with supplementation of 200 (+) or 400ng/ml (++) anhydrotetracycline; n.a., no activity; error bars 
indicate the standard deviations of biological triplicates. Main part of the content is based on Beck et al. (2019). 
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A similar picture, however, with overall much lower specific activities was noticed when using 

the synthetic ackA promoter linked to the theophylline riboswitch in PackA-theo. As it was the 

case for PbgaL, specific activities were only recorded when the cells were incubated for at least 

four hours after the time of induction. Regarding the basal activity of the non-induced strain 

A. woodii [pMTL83151_gusA_PackA-theo], only in some of the replicates very weak GusA 

activity could be detected (12 ± 18 µU/mg) leading to an overall quite strong regulation of 

gusA by PackA-theo (Beck et al., 2020). Furthermore, the production of GusA in A. woodii 

[pMTL83151_gusA_PackA-theo] could clearly be switched on within the four hours of 

incubation following the induction with 1 mM theophylline, since the specific activities 

recorded were of a considerably higher level (2.7 ∙ 102 ± 48 µU/mg) in the induced strain 

compared to the non-induced strain (Beck et al., 2020). 

When the tetracycline-inducible promoter Ptet was used to control gusA, the measured specific 

activities were overall in a similar range as when using PackA-theo. This was especially noticeable 

regarding the basal activities recorded in non-induced A. woodii [pMTL83151_gusA_Ptet] 

which were at a very low level (17 ± 35 µU/mg) and thus comparable to the mentioned 

activities obtained when using PackA-theo (Beck et al., 2020). Also, when the cells were induced 

with anhydrotetracycline, the respective recorded GusA activities followed a concentration-

dependent pattern in which the highest measured specific activities 

(1.2 ∙ 103 ± 1.4 ∙ 102 µU/mg (Beck et al., 2020)) were about four times higher compared to the 

highest activities recorded when using PackA-theo. 

However, when gusA was controlled via the arabinose-inducible promoter being the case in 

the strain A. woodii [pMTL83151_gusA_PBAD], no specific β-glucuronidase activity was 

recorded regardless of the inducer concentrations used (0, 0.02 or 0.2 % (v/v) L-arabinose). 

The three conditions referring to the potentially different state of induction of gusA expression 

in A. woodii [pMTL83151_gusA_PBAD] were not repeated which is why the result is not 

presented in Figure 8. 

Due to the fact that the most consistent results in terms of basal specific GusA activities and 

inducer-dependent response were obtained when using Ptet, the latter was considered to be the 

promoter of choice for the construction of complex synthetic biosynthesis operons.  
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III.2. Production of lactate using recombinant strains of 

Acetobacterium woodii 

As depicted in Figure 4, lactate represents a key precursor in the designated pathway for 3-HP 

production which is why the first constructed plasmids were designed to aim for lactate 

production in recombinant A. woodii strains. This is why the following section addresses all 

results which were obtained regarding the production of lactate using recombinant strains of 

A. woodii. 

III.2.1. Construction of recombinant strains for heterologous   

lactate production 

Both commercial gene synthesis as well as numerous individual cloning attempts to construct 

an operon harboring the D-lactate dehydrogenase gene ldhD from Leuconostoc mesenteroides 

subsp. mesenteroides ATCC 8293 under control of the presumably strong promoters PthlA from 

C. acetobutylicum or Ppta-ack from C. ljungdahlii failed. However, construction of the plasmid 

pJIR750_ldhD_LM_only harboring a complete ldhD sequence without a promoter controlling 

the expression of ldhD was possible. 

Using the tetracycline-inducible promoter Ptet (section III.1), plasmids 

pJIR750_Ptet_ldhD_LM (Figure 9a), pJIR750_Ptet_nifJ_ldhD (Figure 9c), and 

pJIR750_Ptet_nifJCl_ldhD were constructed. Plasmid pJIR750_Ptet_ldhD_LM (Figure 9a) 

harbors the D-lactate dehydrogenase-encoding gene ldhD (LEUM_1756) from 

L. mesenteroides subsp. mesenteroides ATCC 8293 under control of the tetracycline-inducible 

promoter Ptet.  

In addition to pJIR750_Ptet_ldhD_LM (Figure 9a), the plasmids pJIR750_Ptet_nifJ_ldhD 

(Figure 9c) and pJIR750_Ptet_nifJCl_ldhD harbor different versions of the pyruvate:ferredoxin 

oxidoreductase-encoding gene, either the native nifJ from A. woodii (Awo_c24330) or the 

heterologous nifJ from C. ljungdahlii (CLJU_c09340), respectively. The verification of these 

plasmids (Figure 9b and Figure 9d) originating from transformed A. woodii strains confirmed 

the successful creation of the respective strains A. woodii [pJIR750_Ptet_ldhD_LM] and 

A. woodii [pJIR750_Ptet_nifJ_ldhD]. 
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Figure 9: Plasmid maps of the constructed plasmids pJIR750_Ptet_ldhD_LM (a) and 
pJIR750_Ptet_nifJ_ldhD (c) and their verification in transformed A. woodii strains (b and d). (a) and (c)
Ptet, tetracycline-inducible promoter; tetR, encoding the tetracycline repressor from Tn10; nifJ, encoding 
pyruvate:ferredoxin oxidoreductase (Awo_c24330) from A. woodii; ldhD, encoding lactate dehydrogenase 
(LEUM_1756) from L. mesenteroides subsp. mesenteroides; rep (pMB1), high-copy number pMB1 replicon 
rep for replication of plasmid in Gram-negative bacteria derived from pUC18; catP, chloramphenicol 
resistance gene from Clostridium perfringens; rep(pIP404), replication gene from pIP404 for Gram-positive 
bacteria from C. perfringens. (b) DNA fragments of pJIR750_Ptet_ldhD_LM after analytical restriction 
enzyme digestion (SalI and XhoI) and gel electrophoresis (2% (w/v) agarose gel). 1, plasmid DNA 
isolated from E. coli DH5α; 2, plasmid DNA isolated directly from the respective recombinant A. woodii

strain; expected fragments, pJIR750_Ptet_ldhD_LM, 7370 + 1162bp. (d) DNA fragments of
pJIR750_Ptet_nifJ_ldhD after analytical restriction enzyme digestion (SalI and KflI) and gel 
electrophoresis (0.8% (w/v) agarose gel). 1+2, plasmid DNA isolated directly from the respective 
recombinant A. woodii strain; 3+4, plasmid DNA isolated from E. coli DH5α; expected fragments, 
pJIR750_Ptet_nidJ_ldhD, 8505 + 3350bp; M, GeneRulerTM DNA Ladder Mix. 
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As an alternative approach, the plasmids pJIR750_Ptet_ldhD_LM (Figure 9a) and 

pJIR750_Ptet_nifJ_ldhD (Figure 9c) as well as pJIR750_Ptet_nifJCl_ldhD and the empty 

plasmids pJIR750 and pMTL83151_MCS were used for transformation of 

A. woodii ΔpyrE ΔlctBCD as a parental strain lacking the native Ldh/Etf complex. The 

transformation of A. woodii ΔpyrE ΔlctBCD was confirmed via plasmid isolation from 

transformed A. woodii ΔpyrE ΔlctBCD following restriction enzyme digestion showing the 

same fragment pattern as digested plasmid DNA isolated from the respective sequenced E. coli 

DH5α strain (Figure 10). The created strains are designated A. woodii ΔpyrE ΔlctBCD 

[pJIR750_Ptet_ldhD_LM], A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_nifJ_ldhD], 

A. woodii ΔpyrE ΔlctBCD [pJIR750], A. woodii ΔpyrE ΔlctBCD 

[pJIR750_Ptet_nifJCl_ldhD], and A. woodii ΔpyrE ΔlctBCD [pMTL83151_MCS]. 

Figure 10: Verification of plasmids in transformed A. woodii ΔpyrE ΔlctBCD strains. (a)
DNA fragments of pJIR750_Ptet_nifJCl_ldhD after analytical restriction enzyme 
digestion (SalI + ScaI) and gel electrophoresis (0.8% (w/v) agarose gel). 1, plasmid DNA 
isolated from E. coli DH5α; 2 and 3, plasmid DNA isolated directly from the respective 
recombinant A. woodii ΔpyrE ΔlctBCD strain; expected fragments, 
pJIR750_Ptet_nifJCl_ldhD, 10257 + 1779bp. (b) DNA fragments of pJIR750 (1, 2), 
pMTL83151_MCS (3, 4), and pJIR750_Ptet_nifJ_ldhD (5, 6) after analytical restriction 
enzyme digestion (1, 2, SalI; 3, 4, XhoI; 5, 6, SalI and KflI) and gel electrophoresis (0.8% 
(w/v) agarose gel). Even numbers, plasmid DNA isolated from E. coli DH5α; odd numbers, 
plasmid DNA isolated directly from the respective recombinant A. woodii ΔpyrE ΔlctBCD

strain; expected fragments, pJIR750, 6568bp; pMTL83151_MCS, 4408bp;
pJIR750_Ptet_nidJ_ldhD, 8505 + 3350bp. (c) DNA fragments of pJIR750_Ptet_ldhD_LM 
after analytical restriction enzyme digestion (EcoRV) and gel electrophoresis (0.8% 
(w/v) agarose gel). 1, plasmid DNA isolated directly from the respective recombinant 
A. woodii ΔpyrE ΔlctBCD strain; 2, plasmid DNA isolated from E. coli DH5α; expected 
fragment, pJIR750_Ptet_ldhD_LM, 8524bp; M, GeneRulerTM DNA Ladder Mix. 
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To generate an A. woodii strain harboring the ldhD from L. mesenteroides subsp. 

mesenteroides under control of the tetracycline-inducible promoter integrated in the 

chromosome, the suicide plasmid p80_pyrE_Ptet_ldhD was used for transformation of 

A. woodii ΔpyrE ΔlctBCD. After performance of the two selection steps and successful 

growth in the second selection medium (II.9.3.1), cells were checked for the correct integration 

of the Ptet-ldhD fragment via PCR. Since the correct chromosomal integration of the Ptet-ldhD 

sequence in A. woodii ΔpyrE ΔlctBCD using p80_pyrE_Ptet_ldhD is concomitant with a 

restoration of the pyrE mutant gene, the respective strain was designated as A. woodii ΔlctBCD 

ΔpyrE::pyrE-Ptet-ldhD. 
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III.2.2. Characterization of recombinant lactate production strains  

For the characterization of recombinant lactate production strains of A. woodii, growth 

experiments under heterotrophic and autotrophic conditions were performed using fructose as 

carbon and energy or CO2 as carbon and H2 as energy source, respectively.  

III.2.2.1. Heterotrophic growth of recombinant A. woodii strains 

To characterize the plasmid-harboring lactate production strains A. woodii ΔpyrE ΔlctBCD 

[pJIR750_Ptet_ldhD_LM], A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_nifJ_ldhD], and 

A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_nifJCl_ldhD], growth experiments using fructose as 

carbon and energy source were performed. Figure 11 illustrates growth, fructose consumption, 

pH, and the production pattern of lactate and acetate of all recombinant 

A. woodii ΔpyrE ΔlctBCD strains used for plasmid-based lactate production designated 

A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_ldhD_LM], A. woodii ΔpyrE ΔlctBCD 

[pJIR750_Ptet_nifJ_ldhD], and A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_nifJCl_ldhD] with 

A. woodii ΔpyrE ΔlctBCD [pJIR750] and the parental strain A. woodii ΔpyrE ΔlctBCD as 

controls. The fructose concentration for the heterotrophic growth conditions was adjusted to a 

theoretical concentration of 43 mM in 50 ml mod. DSMZ medium 135. All three plasmid-

harboring strains grew with similar speed represented by doubling times of 7.0 h 

(A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_nifJCl_ldhD]), 7.1 h (A. woodii ΔpyrE ΔlctBCD 

[pJIR750_Ptet_ldhD_LM]), and 7.9 h (A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_nifJ_ldhD]) 

until the time of induction using anhydrotetracycline. Upon induction, growth slowed down 

in all three strains, however, to different extents with a shift of the doubling time to 9.7 h in 

A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_ldhD_LM] and approximately 13.3 and 13.2 h for 

A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_nifJCl_ldhD], and A. woodii ΔpyrE ΔlctBCD 

[pJIR750_Ptet_nifJ_ldhD], respectively.  
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When providing approximately 43 mM of fructose, highest concentrations of lactate 

(Figure 11b) were measured for strains A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_nifJ_ldhD] 

and A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_nifJCl_ldhD] producing a maximum of 

28.9 ± 6.5 and 31.4 ± 2.3 mM lactate, respectively. However, as soon as the supplied fructose 

was completely consumed the strains A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_nifJ_ldhD] 

and A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_nifJCl_ldhD] showed a noticeable drop in 

lactate concentration down to 21.0 ± 10.6 and 14.2 ± 2.6 mM, respectively, at the end of the 

cultivation time (Figure 11b).  

Figure 11: Growth, pH, fructose consumption, and product spectrum of fermentation of 
A. woodii ΔpyrE ΔlctBCD (a; �), A. woodii ΔpyrE ΔlctBCD [pJIR750] (a; �), 
A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_nifJ_ldhD] (b; �), A. woodii ΔpyrE ΔlctBCD

[pJIR750_Ptet_nifJCl_ldhD] (b; ), and A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_ldhD_LM] (c; �) 
cultured in mod. DSMZ medium 135 under heterotrophic conditions with 43mM fructose as carbon 
and energy source. The time of induction of Ptet-carrying strains using 300ng/ml anhydrotetracycline (atc) is 
indicated with a vertical solid line. Black, OD600; green, pH; gray, fructose consumption; blue, acetate 
production; orange, lactate production; error bars indicate the standard deviation within biological triplicates. 
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Also, A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_ldhD_LM] exhibited a maximum production 

of 17.6 ± 0.6 mM lactate which stayed constant during the observed cultivation time 

(Figure 11c). 

A second growth experiment to characterize the strains A. woodii ΔpyrE ΔlctBCD 

[pJIR750_Ptet_ldhD_LM] and A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_nifJ_ldhD] under 

heterotrophic conditions revealed that the concentrations of lactate produced heterotrophically 

were in general dependent on the amount of fructose provided. When higher concentrations of 

fructose were provided, higher concentrations of lactate were measured with a maximum of 

58.9 ± 6.9 mM using the induced and 42.9 mM using the non-induced strain 

A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_nifJ_ldhD] while consuming 64.5 ± 20.4 and 

62.4 ± 11.6 mM fructose, respectively (Supplement Figure 26c). This higher lactate 

production was also accompanied by an exceptional difference, i.e. a faster drop in pH to a 

level of 6.0 compared to a slower drop observed with all other strains to the lowest level of 

6.3 when using the parental strain A. woodii ΔpyrE ΔlctBCD. The lactate production strain 

A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_nifJ_ldhD] again showed a drop in lactate 

concentration when the provided fructose was completely consumed which was best 

noticeable in the induced strains (Supplement Figure 26c).  

Carbon flux represented in consumed fructose, produced acetate and lactate until the end of 

the growth experiment as well as maximum lactate production and lactate yield of all 

experiments conducted using lactate production as well as control strains of A. woodii are 

summarized in Table 16.  

The maximum yield was estimated by dividing the maximum lactate concentration (mM) by 

the fructose consumption (mM) at the time of highest lactate concentration. The highest yields 

obtained were between 0.90 ± 0.26 and 1.22 ± 0.08 mole lactate per mole fructose when using 

A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_nifJ_ldhD]. However, 

A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_nifJCl_ldhD] also exhibited high yields of 

1.10 ± 0.10 mole lactate per mole fructose, whereas when using A. woodii ΔpyrE ΔlctBCD 

[pJIR750_Ptet_ldhD_LM] the respective yields were between 0.35 ± 0.01 and 0.41 ± 0.03 mole 

lactate per mole fructose.  

However, when providing high concentrations of fructose (70 to 98 mM), especially the 

control strains A. woodii ΔpyrE ΔlctBCD and A. woodii ΔpyrE ΔlctBCD [pJIR750] showed a 

very unbalanced carbon recovery of 44.4 ± 1.5 and 46.9 ± 5.7 %, respectively. Because of that 

the assumed corrected carbon recovery presented in Table 16 accounts for a potential loss of 

one third of the provided fructose to CO2 + H2 (not measured). With the assumption that one 

third of the carbon from fructose is released as CO2 and excess electrons from glycolysis and 
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pyruvate:ferredoxin oxidoreductase reaction are used for the production of H2 in the 

hydrogenase reaction, the corrected carbon recovery of the respective control strains were 

estimated to be 77.7 ± 1.5 and 80.2 ± 5.7 %, respectively (Table 16).  

For characterization of the strain A. woodii ΔlctBCD ΔpyrE::pyrE-Ptet-ldhD carrying the 

chromosomal integration of the heterologous ldhD, a slight alteration in the experimental setup 

was conducted. In contrast to the other growth experiments using A. woodii ΔpyrE ΔlctBCD 

the mod. DSMZ medium 135 was not supplemented with 20 µg/ml uracil for supporting 

growth deficiencies of the pyrE mutant phenotype. A. woodii ΔpyrE ΔlctBCD and the 

A. woodii wild type strain served as controls in the respective growth experiment presented in 

Figure 12. 

Without supplementation of 20 µg/ml uracil A. woodii ΔpyrE ΔlctBCD exhibited very poor 

inconsistent growth even without further addition of anhydrotetracycline growing under 

heterotrophic conditions to a maximal optical density below 0.3. In contrast, the wild type of 

A. woodii and A. woodii ΔlctBCD ΔpyrE::pyrE-Ptet-ldhD grew with similar doubling times of 

4.0 and 4.2 h until the time of supplementation of anhydrotetracycline and reached maximal 

optical densities of 2.6 and 2.2, respectively. However, after supplementation of 

anhydrotetracycline the doubling times dropped to 6.7 h for A. woodii and to 9.5 h using 

A. woodii ΔlctBCD ΔpyrE::pyrE-Ptet-ldhD, respectively. 

The wild type of A. woodii produced low amounts of lactate (1.0 ± 0.5 mM; Figure 12a) which 

dropped below the limit of quantification (0.5 mM) at the end of the cultivation. In comparison, 

the recombinant strain A. woodii ΔlctBCD ΔpyrE::pyrE-Ptet-ldhD produced large amounts of 

lactate with a maximum of 38.2 ± 0.6 mM (Figure 12b). However, after all of the fructose was 

consumed, the concentration of lactate considerably dropped to a concentration of 

16.1 ± 1.1 mM at the end of the cultivation. A. woodii ΔlctBCD ΔpyrE::pyrE-Ptet-ldhD with 

0.90 ± 0.01 mole lactate per mole fructose exhibited one of the highest yields measured, being 

more than twice as high as the yields obtained using the plasmid-based lactate production 

strain A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_ldhD_LM] equipped with the same 

heterologous genes (Table 16).  
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Figure 12: Growth, pH, fructose consumption and product spectrum of fermentation of A. woodii (a; �), 
A. woodii ΔpyrE ΔlctBCD (a; �), and A. woodii ΔlctBCD ΔpyrE::pyrE-Ptet-ldhD (b; �) cultured in mod. 
DSMZ medium 135 under heterotrophic conditions with 43mM fructose as carbon and energy source.
The time of supplementation of 300ng/ml anhydrotetracycline (atc) to A. woodii and 
A. woodii ΔlctBCD ΔpyrE::pyrE-Ptet-ldhD is indicated with a vertical solid line. Black, OD600; green, pH; gray,
fructose consumption; blue, acetate production; orange, lactate production; error bars indicate the standard 
deviation within biological triplicates. 
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Table 16: Fructose consumption, product concentration with resulting carbon recovery and corrected carbon recovery at the end of each cultivation, maximum lactate 
concentration and resulting lactate yield of all recombinant A. woodii strains used for lactate production under heterotrophic conditions as well as respective control strains. 
Each row represents the results of separately performed growth experiments. The values shown represent the average and respective standard deviation of biological triplicates. 

Strain atc 
Consumed 

fructose 
[mM] 

Acetate 
produced [mM] 

Lactate 
produced 

[mM] 

Carbon 
recovery [%] 

Carbon 
recovery 

corrected [%] 

Maximum 
lactate  
[mM] 

Maximum yield 
[cmax,lac/cfru

1] 

A. woodii ΔlctBCD ΔpyrE 
- 96.0 ± 6.0 128.8 ± 4.5 0.6 ± 0.1 44.4 ± 1.5 77.7 ± 1.5 0.6 ± 0.1 0.01 ± 0.00 

- 41.2 ± 4.7 94.0 ± 9.6 *  77.3 ± 13.5 110.6 ± 13.5  *  0.01 ± 0.00 

A. woodii ΔlctBCD ΔpyrE  [pJIR750] 
- 79.6 ± 3.3 121.6 ± 10.4 0.6 ± 0.0 46.9 ± 5.7 80.2 ± 5.7 0.6 ± 0.0 0.01 ± 0.00 

- 41.7 ± 3.6 85.9 ± 8.2 *  69.3 ± 12.1 102.6 ± 12.1  *  0.00 ± 0.00 

A. woodii ΔlctBCD ΔpyrE 

[pMTL83151_Ptet_ldhD_LM] 

+ 86.4 ± 6.6 111.6 ± 2.3 29.2 ± 1.8 59.9 ± 4.1 93.2 ± 4.1 30.0 ± 2.0 0.35 ± 0.01 

- 71.5 ± 15.9 112.7 ± 3.5 14.7 ± 0.4 64.1 ± 12.5 97.4 ± 12.5 14.7 ± 0.4 0.21 ± 0.04 

+ 43.7 ± 2.1 92.3 ± 1.9 17.2 ± 0.7 90.3 ± 5.0 123.7 ± 5.0 17.6 ± 0.6 0.41 ± 0.03 

A. woodii ΔlctBCD ΔpyrE 

[pMTL83151_Ptet_nifJ_ldhD] 

+ 64.5 ± 20.4 98.0 ± 6.0 49.5 ± 3.9 95.5 ± 34.3 128.8 ± 34.3 58.9 ± 6.9 0.90 ± 0.26 

- 62.4 ± 11.6 107.8 ± 6.6 39.7 ± 2.2 90.9 ± 16.4 124.2 ± 16.4 42.9 ± 4.0 0.72 ± 0.22 

+ 34.2 ± 4.3 80,4 ± 10.7 21.0 ± 10.6 109.3 ± 6.3 142.7 ± 6.3 28.9 ± 6.5 1.22 ± 0.08 

A. woodii ΔlctBCD ΔpyrE 

[pMTL83151_Ptet_nifJCl_ldhD] 
+ 39.4 ± 11.6 90.0 ± 3.8 14.2 ± 2.6 94.1 ± 6.7 127.5 ± 6.7 31.4 ± 2.3 1.10 ± 0.10 

A. woodii ΔlctBCD  

ΔpyrE::pyrE-Ptet-ldhD 
+ 43.0 ± 0.0 104.5 ± 3.4 16.1 ± 1.1 99.8 ± 3.6 133.2 ± 3.6 38.2 ± 0.6 0.90 ± 0.01 

A. woodii + 42.8 ± 0.1 128.1 ± 8.2 *  100.0 ± 6.5 133.4 ± 6.5 1.0 ± 0.5 0.03 ± 0.01 

1: consumed fructose at time of maximum lactate concentration; *: concentration below the limit of quantification 
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III.2.2.2. Autotrophic growth of recombinant A. woodii strains 

Growth experiments revealed that all recombinant A. woodii strains which were producing 

lactate heterotrophically (III.2.2.1) also exhibited lactate production when growing 

autotrophically using H2 as energy and CO2 as carbon source.  

Figure 13 demonstrates growth characteristics as well as the lactate production after induction 

with anhydrotetracycline of A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_ldhD_LM] and 

A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_nifJ_ldhD] growing autotrophically using CO2 + 

H2. In contrast to the control strains A. woodii ΔpyrE ΔlctBCD and A. woodii ΔpyrE ΔlctBCD 

[pJIR750] which exhibited no noticeable lactate production, A. woodii ΔpyrE ΔlctBCD 

[pJIR750_Ptet_nifJ_ldhD] and A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_ldhD_LM] showed a 

very similar lactate production with a maximum of 10.1 ± 1.2 and 10.6 ± 0.3 mM, respectively, 

after induction with anhydrotetracycline (Figure 13b and Figure 13c). At the non-induced state 

only when using A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_nifJ_ldhD] a production of lactate 

slightly above the quantification limit with a maximum of 0.8 ± 0.1 mM was noticed. 

Comparing the growth in general, prominent differences were noticed between non-induced 

and induced cells. Non-induced cells of A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_ldhD_LM], 

A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_nifJ_ldhD] and A. woodii ΔpyrE ΔlctBCD 

[pJIR750] grew with doubling times of 10.6, 9.5 and 11.4 h respectively and reached similar 

maximum optical densities between 1.2 ± 0.1 and 1.5 ± 0.1 as the parental strain 

A. woodii ΔpyrE ΔlctBCD (maximum OD600 1.4; tD = 8.1 h), however, approximately 24 h 

later (Figure 13). In contrast, after induction, A. woodii ΔpyrE ΔlctBCD 

[pJIR750_Ptet_ldhD_LM] and A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_nifJ_ldhD] 

drastically slowed their growth and only reached maximum optical densities of 0.9 ± 0.2 and 

0.8 ± 0.1 (Figure 13b and c), respectively. The lower optical densities were in general also 

correlating with a lower consumption of gas.  

Furthermore, the strain A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_nifJCl_ldhD] produced only 

a maximum of 0.9 ± 0.1 mM lactate and thus exhibited the lowest lactate production. 
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Following the first characterization of A. woodii ΔlctBCD ΔpyrE::pyrE-Ptet-ldhD growing 

heterotrophically (III.2.2.1), also for the autotrophic conditions mod. DSMZ medium 135 was 

not supplemented with 20 µg/ml uracil for supporting the pyrE mutant phenotype. Figure 14 

illustrates growth, pH, gas consumption, and product pattern of A. woodii wild type strain, 

A. woodii ΔpyrE ΔlctBCD and A. woodii ΔlctBCD ΔpyrE::pyrE-Ptet-ldhD growing under 

autotrophic conditions using CO2 + H2. Noteworthy, A. woodii ΔlctBCD ΔpyrE::pyrE-Ptet-

ldhD as well as the A. woodii wild type strain exhibited rather slow growth after 

Figure 13: Growth, pH, gas consumption (absolute value of accumulated pressure loss (bar)), and 
product spectrum of fermentation of A. woodii ΔpyrE ΔlctBCD (a; �), A. woodii ΔpyrE ΔlctBCD

[pJIR750] (a; �), A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_ldhD_LM] (b; �, �), and 
A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_nifJ_ldhD] (c; , �) cultured in mod. DSMZ medium 135
under autotrophic conditions with headspace filled with 1bar CO2 + H2. The time of induction of Ptet-
carrying strains using 300ng/ml anhydrotetracycline (atc) is indicated with a vertical solid line. Black, OD600; 
green, pH; gray, gas consumption; blue, acetate production; orange, lactate production; error bars indicate the 
standard deviation within biological triplicates. 
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supplementation with 300 ng/ml anhydrotetracycline to maximum optical densities of 

0.3 ± 0.1 and 0.5, respectively (Figure 14a and b). The parental strain 

A. woodii ΔpyrE ΔlctBCD was not treated with anhydrotetracycline and reached its maximal 

OD600 (0.3) accordingly faster than the other strains. Nevertheless, 

A. woodii ΔlctBCD ΔpyrE::pyrE-Ptet-ldhD showed a clear lactate production with a maximum 

of 10.2 ± 0.8 mM (Figure 14b) in contrast to the two control strains A. woodii and 

A. woodii ΔpyrE ΔlctBCD, which did not exhibit a detectable lactate production under the 

analyzed conditions (Figure 14a).  

Similar to the presented lactate production under heterotrophic conditions 

A. woodii ΔlctBCD ΔpyrE::pyrE-Ptet-ldhD again showed one of the highest concentrations of 

produced lactate even in comparison to the plasmid-based strains of 

A. woodii ΔpyrE ΔlctBCD. 

Figure 14: Growth, pH, gas consumption (absolute value of accumulated pressure loss (bar)),  and 
product spectrum of fermentation of A. woodii (a; �), A. woodii ΔpyrE ΔlctBCD (a; �), and A. woodii 

ΔlctBCD ΔpyrE::pyrE-Ptet-ldhD (b; �) cultured in mod. DSMZ medium 135 under autotrophic 
conditions with headspace filled with 1bar CO2 + H2. The time of supplementation of 300 ng/ml 
anhydrotetracycline (atc) to A. woodii and A. woodii ΔlctBCD ΔpyrE::pyrE-Ptet-ldhD is indicated with a 
vertical solid line. Black: OD600; green: pH; gray: gas consumption; blue: acetate production; orange: lactate 
production; error bars indicate the standard deviation within biological triplicates. 
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When comparing the two growth conditions, depending on the amount of provided fructose a 

maximum of 58.9 ± 6.9 mM lactate was measured using A. woodii ΔpyrE ΔlctBCD 

[pJIR750_Ptet_nifJ_ldhD] growing heterotrophically being almost six times as much lactate as 

the same strain (10.1 ± 1.2 mM), A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_ldhD_LM] 

(10.6 ± 0.3 mM), or A. woodii ΔlctBCD ΔpyrE::pyrE-Ptet-ldhD (10.2 ± 0.8 mM) produced 

autotrophically. 

However, when comparing the plasmid-based strains to the chromosomal ldhD integration 

strain A. woodii ΔlctBCD ΔpyrE::pyrE-Ptet-ldhD, only under heterotrophic conditions an 

improved lactate production was detectable in slightly higher yields when using the nifJ 

overexpressing strains A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_nifJ_ldhD] and 

A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_nifJCl_ldhD]. When growing autotrophically such 

differences among the genetic expression systems could not be detected. The two plasmid-

based strains exhibiting the highest lactate production (A. woodii ΔpyrE ΔlctBCD 

[pJIR750_Ptet_ldhD_LM] and A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_nifJ_ldhD]) reached 

with 10.6 ± 0.3 and 10.1 ± 1.2 mM, respectively, very similar maximal concentrations as 

A. woodii ΔlctBCD ΔpyrE::pyrE-Ptet-ldhD producing 10.2 ± 0.8 mM lactate.  

III.3. Production of 3-hydroxypropionate (3-HP) using recombinant 

strains of Acetobacterium woodii 

III.3.1. Genome analysis and screening for new    

acrylate pathway genes 

The genomes of the two strict anaerobic bacteria Clostridium homopropionicum LuHBu1 

(DSM 5847) and Clostridium neopropionicum X4 (DSM 3847) were sequenced and analyzed 

(Beck et al. (2015), Beck et al. (2016)). Comparison to the genes from Clostridium 

propionicum X2 (DSM 1682) encoding key enzymes of the acrylate pathway relevant for the 

synthetic 3-HP pathway (Figure 4) namely lactoyl-CoA dehydratase (Lcd) and propionyl-CoA 

transferase (Pct) revealed homologous sequences in both genomes. As it is the case for 

C. neopropionicum X4 regarding the genes lcdCAB and pct (CPRO_08370-08400), the 

identical genomic organization was found in C. neopropionicum X4 with the homologs 

lcdCAB-pct (CLNEO_17730-17700) being arranged in a cluster. Furthermore, tBLASTn 

analysis showed a remarkable similarity with 92-97 % identical and 97 to 99 % positive amino 

acids comparing the translated coding sequences of lcdCAB-pct in C. neopropionicum X4 and 

C. propionicum. However, the genome of C. homopropionicum harbors nine genes encoding 
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propionyl-CoA transferases with respective amino acid identities of 49 to 66 % to Pct from 

C. propionicum. The Pct encoding copies (Ga0098769_1442 and Ga0098769_1273) with 

highest similarity (66 % amino acid identity) to Pct from C. propionicum were both located at 

contig borders. The adjacent sequences showed high similarity to lcdC suggesting the 

organization of a putative cluster to be pct-lcdCAB and thus different to the situation found in 

C. neopropionicum X4 and C. propionicum X2. Genes homologous to lcdCAB were found 

(Ga0098769_1031-1033) on one single contig sharing amino acid sequence identities between 

66 to 75 % to the translated coding sequences from C. propionicum. 

The identified genes lcdCAB-pct (CLNEO_17730-17700) encoding the lactoyl-CoA 

dehydratase and the propionyl-CoA transferase from C. neopropionicum X4 were used as 

components for the implementation of a synthetic 3-HP production pathway in A. woodii. 
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III.3.2. 3-HP production from lactate  

III.3.2.1. Construction of recombinant strains for heterologous 3-HP 

production from lactate 

The genes lcdCAB and pct encoding the lactoyl-CoA dehydratase and the propionyl-CoA 

transferase from C. neopropionicum (CLNEO_17730-17700) as well as ehy encoding the 

enoyl-CoA hydratase from Chloroflexus aurantiacus (Caur_0101) were cloned into the 

Clostridium-E. coli shuttle plasmid pMTL83151_MCS. The resulting plasmid was named 

pMTL83151_Ptet_LPE. Furthermore, ehy (Caur_0101) in pMTL83151_Ptet_LPE was either 

exchanged with a second version of the same gene named ehy_opt (Supplement Sequence 1) 

codon-optimized for A. woodii resulting in plasmid pMTL83151_Ptet_LPE_opt or with phaJ 

(CLOACE_21160) encoding the enoyl-CoA hydratase from 

Clostridium acetireducens DSM 10703 resulting in plasmid pMTL83151_Ptet_LP_phaJ. The 

Figure 15: Plasmid map of pMTL83151_Ptet_LPE_opt and strain verification of transformed A. 

woodii and A. woodii ΔpyrE ΔlctBCD. (a) Plasmid map of pMTL83151_Ptet_LPE_opt. Ptet, 
tetracycline-inducible promoter; tetR, encoding the tetracycline repressor from Tn10; repH, pCB102 
replicon for Gram-positive bacteria from Clostridium butyricum; ColE1, high-copy number replicon for 
Gram-negative bacteria derived from pMTL20; catP, chloramphenicol resistance gene; traJ, gene
necessary for conjugal transfer; ehy_opt, codon optimized version of ehy (Caur_0101) encoding enoyl-
CoA hydratase from Chloroflexus aurantiacus, pct, encoding propionyl-CoA transferase from 
C. neopropionicum (CLNEO_17700); lcdCAB, encoding subunits EI, EIIα, and EIIβ of lactoyl-CoA 
dehydratase from C. neopropionicum (CLNEO_17730-17710); (b) DNA fragments of 
pMTL83151_Ptet_LPE after analytical restriction enzyme digestion (XhoI and AscI) and gel 
electrophoresis (0.8% (w/v) agarose gel). 1-4, plasmid DNA isolated directly from the respective 
recombinant A. woodii strain; 5 and 6, plasmid DNA isolated from E. coli DH5α; even numbers, 
undigested plasmid DNA; odd numbers, digested plasmid DNA (XhoI + AscI), expected fragments, 
5009 + 5819bp including overhang. (c) DNA fragments of pMTL83151_Ptet_LPE_opt after 
analytical restriction enzyme digestion (XhoI and AvrII) and gel electrophoresis (0.8% (w/v) 
agarose gel). 1 and 2, plasmid DNA isolated directly from the respective recombinant 
A. woodii ΔpyrE ΔlctBCD strain; 3, plasmid DNA isolated from E. coli DH5α; expected fragments, 
pMTL83151_Ptet_LPE_opt, 4921 + 5907bp including overhang; M, GeneRulerTM DNA Ladder Mix. 
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plasmids pMTL83151_Ptet_LPE, pMTL83151_Ptet_LPE_opt (Figure 15a) and 

pMTL83151_Ptet_LP_phaJ were used for transformation of A. woodii and 

A. woodii ΔpyrE ΔlctBCD. After transformation, the successful construction of the strains 

A. woodii [pMTL83151_Ptet_LPE] (Figure 15b), A. woodii ΔpyrE ΔlctBCD 

[pMTL83151_Ptet_LPE], A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] 

(Figure 15c), and A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LP_phaJ] could be verified.  

III.3.2.2. Characterization of recombinant Strains for 3-HP production from 

lactate 

A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] and A. woodii ΔpyrE ΔlctBCD 

[pMTL83151_Ptet_LP_phaJ] were grown heterotrophically in mod. DSMZ medium 135 

supplemented with 50 mM D,L-lactate using fructose as carbon and energy source. Figure 16 

shows this growth under heterotrophic conditions, pH, fructose consumption, concentration of 

supplemented lactate, and product pattern of A. woodii ΔpyrE ΔlctBCD 

[pMTL83151_Ptet_LPE_opt] (Figure 16c), A. woodii ΔpyrE ΔlctBCD 

[pMTL83151_Ptet_LP_phaJ] (Figure 16b) as well as control strains A. woodii ΔpyrE ΔlctBCD 

and A. woodii ΔpyrE ΔlctBCD [pMTL83151_MCS] (Figure 16a). Until the time of induction, 

A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] (Figure 16c) and 

A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LP_phaJ] (Figure 16b) grew with similar speed 

and doubling times of 6.1 and 5.3 h, respectively, and thus slightly slower as the parental strain 

A. woodii ΔpyrE ΔlctBCD (tD = 4.4 h; (Figure 16a)) and in a similar range as the empty 

plasmid-harboring strain A. woodii ΔpyrE ΔlctBCD [pMTL83151_MCS] (tD = 5.7 h; 

(Figure 16a)). After induction with anhydrotetracycline, growth of A. woodii ΔpyrE ΔlctBCD 

[pMTL83151_Ptet_LPE_opt] and A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LP_phaJ] 

continued but buckled noticeably. In contrast to all other strains, A. woodii ΔpyrE ΔlctBCD 

[pMTL83151_Ptet_LPE_opt] showed a production of 1.8 ± 0.8 mM 3-HP from lactate 

(Figure 16c; Supplement Figure 28f). For all strains, the lactate concentration dropped at the 

beginning of the experiment. However, when analyzing the supernatants of the control strains 

A. woodii ΔpyrE ΔlctBCD and A. woodii ΔpyrE ΔlctBCD [pMTL83151_MCS] the lactate 

concentration returned to the initial value at the end of the cultivation time (Figure 16a). In 

contrast, A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] (Figure 16c) and 

A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LP_phaJ] (Figure 16b) consumed a total of 

16.0 ± 1.5 mM and 15.1 ± 3.7 mM lactate, respectively.  
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The total turnover of compounds together with the resulting calculated carbon recovery is 

visualized in Table 17. The values regarding the carbon recovery were estimated to be between 

73.2 ± 7.5 % for A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LP_phaJ] and 98.7 ± 22.1 % 

A. woodii ΔpyrE ΔlctBCD. 

  

Figure 16: Growth, pH, fructose consumption, and product spectrum of fermentation of
A. woodii ΔpyrE ΔlctBCD (a; �), A. woodii ΔpyrE ΔlctBCD [pMTL83151_MCS] (a; �), 
A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LP_phaJ] (b; �), and A. woodii ΔpyrE ΔlctBCD

[pMTL83151_Ptet_LPE_opt] (c; �) cultured in mod. DSMZ medium 135 under heterotrophic 
conditions with 43 mM fructose as carbon and energy source supplemented with 50mM D,L-lactate. The 
time of supplementation of 300ng/ml anhydrotetracycline (atc) to A. woodii ΔpyrE ΔlctBCD

[pMTL83151_Ptet_LP_phaJ] and A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] is indicated with a 
vertical solid line. Black, OD600; green, pH; gray, fructose consumption; blue, acetate production; orange,
lactate concentration; dark red, 3-HP production; error bars indicate the standard deviation within biological 
triplicates. 
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Under all recombinant A. woodii strains constructed for the conversion of lactate into 3-HP, 

only A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] exhibited a conversion of lactate 

via the production of 1.8 ± 0.8 mM 3-HP (Figure 16c) when growing heterotrophically.  

Strains A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt], A. woodii ΔpyrE ΔlctBCD 

[pMTL83151_Ptet_LP_phaJ], A. woodii ΔpyrE ΔlctBCD [pMTL83151_MCS], and 

A. woodii ΔpyrE ΔlctBCD were also analyzed under autotrophic conditions in mod. DSMZ 

medium 135 supplemented with 30 mM D,L-lactate using H2 as energy and CO2 as carbon 

source (Figure 17). Plasmid-harboring strains grew under autotrophic conditions with 

doubling times between 12.6 and 14.7 h until the time of induction using anhydrotetracycline 

noticeably slower than the parental strain A. woodii ΔpyrE ΔlctBCD (tD = 8.9 h). 

After induction with atc, A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] (Figure 17c) 

and A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LP_phaJ] (Figure 17b) exhibited a slower 

growth with approximately one additional doubling until they reached their maximum optical 

density of 0.4 ± 0.1 and 0.5 ± 0.1, respectively.  

In contrast to all other strains showing no noticeable change in lactate concentration 

throughout the cultivation time, A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] 

exhibited a slight decrease in lactate concentration plus a production of 0.9 ± 0.1 mM 3-HP 

(Figure 17c).  

Table 17: Concentration of consumed fructose and lactate, maximum product concentration, and resulting carbon 
recovery of heterotrophically growing recombinant A. woodii ΔpyrE ΔlctBCD strains.  

Strain 
Fructose 

 [mM] 
Acetate 
 [mM] 

Lactate 
 [mM] 

3-HP 
 [mM] 

Carbon 
recovery 

[%] 

A. woodii ΔpyrE ΔlctBCD 36.3 ± 5.4 101.2 ± 0.8 0.0 ± 0.0 0.0 ± 0.0 98.7 ± 22.1 

A. woodii ΔpyrE ΔlctBCD 
[pMTL83151_Ptet_LPE_opt] 

39.3 ± 1.3 110.1 ± 1.3 16.0 ± 1.5 1.8 ± 0.8 79.5 ± 2.0 

A. woodii ΔpyrE ΔlctBCD 
[pMTL83151_Ptet_LP_phaJ] 

42.6 ± 3.2 109.3 ± 1.7 15.1 ± 3.7 0.0 ± 0.0 73.2 ± 7.5 

A. woodii ΔpyrE ΔlctBCD 
[pMTL83151_MCS] 

38.4 ± 1.1 98.3 ± 2.0 0.0 ± 0.0 0.0 ± 0.0 85.7 ± 7.4 

 



 
74 III. Results 

Considering both growth conditions, analogously to the mentioned 1.8 ± 0.8 mM 3-HP 

produced when growing heterotrophically (Figure 16c), A. woodii ΔpyrE ΔlctBCD 

[pMTL83151_Ptet_LPE_opt] produced 0.9 ± 0.1 mM 3-HP from lactate when growing 

autotrophically (Figure 17c) in contrast to the other strains analyzed showing no production 

of 3-HP from lactate.  

Figure 17: Growth, pH, gas consumption (absolute value of accumulated pressure loss (bar)), and 
product spectrum of fermentation of A. woodii ΔpyrE ΔlctBCD (a; �), A. woodii ΔpyrE ΔlctBCD

[pMTL83151_MCS] (a; �), A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LP_phaJ] (b; �), and
A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] (c; �) cultured in mod. DSMZ medium 135
supplemented with 30mM D,L-lactate under autotrophic conditions with headspace filled with 1bar CO2

+ H2. The time of supplementation of 300ng/ml anhydrotetracycline (atc) to A. woodii ΔpyrE ΔlctBCD

[pMTL83151_Ptet_LP_phaJ] and A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] is indicated with a 
vertical solid line. Black, OD600; green, pH; gray, gas consumption; blue, acetate production; orange, lactate
concentration; dark red, 3-HP production; error bars indicate the standard deviation within biological 
triplicates. 
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III.3.2.3. Verification of enoyl-CoA hydratase (Ehy) using Western blot 

A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt], A. woodii ΔpyrE ΔlctBCD 

[pMTL83151_Ptet_LPE], and A. woodii ΔpyrE ΔlctBCD [pMTL83151_MCS] as well as the 

parental strain A. woodii ΔpyrE ΔlctBCD were tested for production of the enoyl-CoA 

hydratase (Ehy). Ehy with a mass of 27 kDa is representing the last enzyme of the synthetic 3-

HP pathway (Figure 4). Figure 18b illustrates the immunological detection using antibodies 

raised against heterologously produced Ehy after polyacrylamide gel electrophoresis and 

Western blotting of protein extracts originating from recombinant A. woodii ΔpyrE ΔlctBCD 

strains growing under autotrophic conditions. A prominent band representing proteins with a 

mass between 26 and 34 (kDa) was only observed when cell extract from anhydrotetracycline 

induced A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] cells was used. The Ehy 

detection was independent of the carbon and energy source provided to the cells since the 

identical signal pattern was obtained when using fructose-grown A. woodii ΔpyrE ΔlctBCD 

cells (data not shown).  

Figure 18: (a) UV detection of total soluble proteins in cell extracts of recombinant 
A. woodii ΔpyrE ΔlctBCD strains grown on H2 plus CO2 using a TGX Stain-Free™ 
FastCast™ 10% polyacrylamide gel after gel electrophoresis. (b) Detection of 
heterologously produced Ehy in cell extracts from recombinant 
A. woodii ΔpyrE ΔlctBCD strains grown on H2 plus CO2. 30µg of total protein of 
each sample were separated on a TGX Stain-Free™ FastCast™ 10% 
polyacrylamide gel (a) via electrophoresis and transferred onto a nitrocellulose
membrane. Detection of Ehy was performed immunologically using antibodies raised 
against heterologously produced Ehy. Samples, A. woodii ΔpyrE ΔlctBCD (1);
A. woodii ΔpyrE ΔlctBCD [pMTL83151_MCS] (2), A. woodii ΔpyrE ΔlctBCD

[pMTL83151_Ptet_LPE] without induction using atc (3), with induction using atc (4);
A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] without induction using atc 
(5), with induction using atc (6); M, PageRuler™ Prestained Protein Ladder (10 to 
180kDa); molecular mass of Ehy, 27kDa. 
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III.3.3. 3-HP production without supplementation of lactate 

III.3.3.1. Construction of recombinant strains for 3-HP production without 

supplementation of lactate 

The plasmids pMTL83151_Ptet_LPE_opt and pMTL83151_Ptet_LP_phaJ described in section 

III.3.2 were used to subclone the ldhD (LEUM_1756) from L. mesenteroides subsp. 

mesenteroides ATCC 8293 generating the plasmids pMTL83151_Ptet_3-HP_opt (Figure 19a) 

and pMTL83151_Ptet_3-HP_phaJ, respectively. Both plasmids harbor genes encoding all 

enzymes of the synthetic 3-HP pathway (Figure 4) except the pyruvate:ferredoxin 

oxidoreductase, which is natively encoded by nifJ on the chromosome of A. woodii. 

Transformation of A. woodii ΔpyrE ΔlctBCD using pMTL83151_Ptet_3-HP_opt (Figure 19a 

and b) and pMTL83151_Ptet_3-HP_phaJ was verified resulting in the strains 

Figure 19: Plasmid map of pMTL83151_Ptet_3-HP_opt and strain verification of transformed 
A. woodii ΔpyrE ΔlctBCD. (a) Plasmid map of pMTL83151_Ptet_3-HP_opt. Ptet, tetracycline-
inducible promoter; tetR, encoding the tetracycline repressor from Tn10; repH, pCB102 replicon for 
Gram-positive bacteria from Clostridium butyricum; ColE1, high-copy number replicon for Gram-
negative bacteria derived from pMTL20; catP, chloramphenicol resistance gene; traJ, gene necessary 
for conjugal transfer; ehy_opt, codon-optimized version of ehy (Caur_0101) encoding enoyl-CoA 
hydratase from Chloroflexus aurantiacus, pct, encoding propionyl-CoA transferase from 
C. neopropionicum (CLNEO_17700); lcdCAB, encoding subunits EI, EIIα, and EIIβ of lactoyl-CoA 
dehydratase from C. neopropionicum (CLNEO_17730-17710); ldhD, encoding lactate dehydrogenase 
(LEUM_1756) from L. mesenteroides subsp. mesenteroides. (b) DNA fragments of 
pMTL83151_Ptet_3-HP_opt after analytical restriction enzyme digestion (BamHI and AscI) and 
gel electrophoresis (0.8% (w/v) agarose gel). 1, plasmid DNA isolated directly from the respective 
recombinant A. woodii strain; 2, plasmid DNA isolated from E. coli DH5α; expected fragments, 7634 
+ 4207bp including overhang; M, GeneRulerTM DNA Ladder Mix. 
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A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_3-HP_opt] and A. woodii ΔpyrE ΔlctBCD 

[pMTL83151_Ptet_3-HP_phaJ], respectively. 

Additionally, the genes of the synthetic 3-HP pathway (Figure 4) were provided on two 

plasmids in several two-plasmid combinations. To generate A. woodii ΔpyrE ΔlctBCD strains 

harboring two plasmids for 3-HP production, the strain A. woodii ΔpyrE ΔlctBCD 

[pMTL83151_Ptet_LPE_opt], capable of converting lactate into 3-HP (III.3.2.1), was used as 

parental strain. For the creation of a compatible second plasmid the genes encoding the 

enzymes necessary for lactate production (III.2) from plasmids pJIR750_Ptet_ldhD_LM 

(Figure 9a), pJIR750_Ptet_nifJ_ldhD (Figure 9c), and pJIR750_Ptet_nifJCl_ldhD were 

subcloned in the Clostridium-E. coli shuttle plasmid pMTL82251. The generated plasmids 

named pMTL82251_Ptet_ldhD_LM, pMTL82251_Ptet_nifJ_ldhD, and 

pMTL82251_Ptet_nifJCl_ldhD all harbor ldhD from L. mesenteroides subsp. mesenteroides 

under control of the tetracycline-inducible promoter Ptet. Additionally to ldhD 

pMTL82251_Ptet_nifJ_ldhD and pMTL82251_Ptet_nifJCl_ldhD harbor the 

pyruvate:ferredoxin oxidoreductase encoding gene nifJ from A. woodii (Awo_c24330) or 

C. ljungdahlii (CLJU_c09340), respectively. The plasmids pMTL82251_Ptet_ldhD_LM, 

pMTL82251_Ptet_nifJ_ldhD, and pMTL82251_Ptet_nifJCl_ldhD were used to transform 

A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt].  

The identity of the constructed strains designated as A. woodii ΔpyrE ΔlctBCD 

[pMTL83151_Ptet_LPE_opt] + [pMTL82251_Ptet_ldhD_LM], 

A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] + [pMTL82251_Ptet_nifJ_ldhD], and 

A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] + [pMTL82251_Ptet_nifJCl_ldhD] 

could be verified combining two approaches (Supplement Figure 27): First, restriction enzyme 

digestion of plasmid DNA prepared directly from the respective recombinant 

A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] strain, and second, restriction 

enzyme digestion of plasmid DNA from E. coli DH5α, growing with 250 µg/ml erythromycin 

for selection against the pMTL82251-derived plasmids. E. coli DH5α was previously 

transformed using plasmid DNA from the respective recombinant two plasmid-harboring 

A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] strain. 
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III.3.3.2. Characterization of recombinant A. woodii ΔpyrE ΔlctBCD strains for 

3-HP production without supplementation of lactate 

Growth under heterotrophic conditions using fructose as carbon and energy source 

A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_3-HP_phaJ] and A. woodii ΔpyrE ΔlctBCD 

[pMTL83151_Ptet_3-HP_opt] was similar with doubling times of 5.4 and 5.3 h until the time 

of induction using anhydrotetracycline. After induction, both strains continued to grow more 

slowly to maximum optical densities of 2.3 and 2.0 while shifting their doubling times to 13.6 

and 14.2 h, respectively. In Figure 20 the optical density (OD600), pH, fructose consumption, 

Figure 20: Growth, pH, fructose consumption, and product spectrum of fermentation of
A. woodii ΔpyrE ΔlctBCD (a; �), A. woodii ΔpyrE ΔlctBCD [pMTL83151_MCS] (a; �), 
A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_3-HP_phaJ] (b; �), and A. woodii ΔpyrE ΔlctBCD

[pMTL83151_Ptet_3-HP_opt] (c; �) cultured in mod. DSMZ medium 135 under heterotrophic 
conditions with 43mM fructose as carbon and energy source. The time of supplementation of 300ng/ml 
anhydrotetracycline (atc) to A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_3-HP_phaJ] and 
A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_3-HP_opt] is indicated with a vertical solid line. Black, OD600; 
green, pH; gray, fructose consumption; blue, acetate production; orange, lactate production; dark red, 3-HP 
production; error bars indicate the standard deviation within biological triplicates. 
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and the product pattern of fermentation using A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_3-

HP_phaJ] A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_3-HP_opt] as well as the control 

strains A. woodii ΔpyrE ΔlctBCD and A. woodii ΔpyrE ΔlctBCD [pMTL83151_MCS] 

growing under heterotrophic conditions are illustrated. In contrast to the control strains 

A. woodii ΔpyrE ΔlctBCD and A. woodii ΔpyrE ΔlctBCD [pMTL83151_MCS], the strains 

A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_3-HP_phaJ] and A. woodii ΔpyrE ΔlctBCD 

[pMTL83151_Ptet_3-HP_opt] both exhibited a considerable lactate production with a 

maximum of 12.4 ± 1.0 (Figure 20b) and 10.8 ± 1.0 mM (Figure 20c), respectively. In terms 

of 3-HP production when using A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_3-HP_phaJ] 

only 3-HP signals below the quantification limit were detected, whereas 

A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_3-HP_opt] produced a maximum of 

0.8 ± 0.2 mM 3-HP (Figure 20c; Supplement Figure 28d).  

When A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_3-HP_phaJ] and 

A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_3-HP_opt] grew under autotrophic conditions 

both reached a maximum optical density of 0.7 and grew with similar doubling times (11.8 

and 12.0 h respectively) until the time of induction with anhydrotetracycline. Analogously to 

the growth experiment under heterotrophic conditions, the strains A. woodii ΔpyrE ΔlctBCD 

[pMTL83151_Ptet_3-HP_phaJ] and A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_3-HP_opt] 

also produced considerable amounts of lactate with a maximum of 3.4 ± 1.0 and 5.3 ± 0.3 mM, 

respectively, when growing under autotrophic conditions. Regarding the production of 3-HP, 

none of the analyzed strains exhibited a clearly detectable production profile. Nevertheless, 

only when using A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_3-HP_opt] an analytical RID-

signal stronger than in the baseline background of the control strains was detected, but the 

resulting calculated concentrations were estimated to be below the quantification limit of 

0.5 mM. 

The two plasmids-carrying strains A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] + 

[pMTL82251_Ptet_ldhD_LM], A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] + 

[pMTL82251_Ptet_nifJ_ldhD], and A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] + 

[pMTL82251_Ptet_nifJCl_ldhD] were grown using 43 mM fructose as substrate and under the 

antibiotic selection pressure of both 20 µg/ml thiamphenicol and 5 µg/ml clarithromycin. 

Figure 21 illustrates the growth behavior, pH, fructose consumption, and product pattern of 
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the heterotrophically growing two plasmids-carrying strains A. woodii ΔpyrE ΔlctBCD 

[pMTL83151_Ptet_LPE_opt] + [pMTL82251_Ptet_ldhD_LM], A. woodii ΔpyrE ΔlctBCD 

[pMTL83151_Ptet_LPE_opt] + [pMTL82251_Ptet_nifJ_ldhD], and A. woodii ΔpyrE ΔlctBCD 

[pMTL83151_Ptet_LPE_opt] + [pMTL82251_Ptet_nifJCl_ldhD] including 

A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] as a control. All three two plasmids-

harboring strains grew rather slowly with doubling times of 7.7 h when the second plasmid 

was pMTL82251_Ptet_nifJ_ldhD, 8.4 and 8.8 h when the second plasmid was 

Figure 21: Growth, pH, fructose consumption, and product spectrum of fermentation of
A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] (a; �), A. woodii ΔpyrE ΔlctBCD 

[pMTL83151_Ptet_LPE_opt] + [pMTL82251_Ptet_nifJ_ldhD] (b; �), A. woodii ΔpyrE ΔlctBCD 

[pMTL83151_Ptet_LPE_opt] + [pMTL82251_Ptet_nifJCl_ldhD] (b; ), and A. woodii ΔpyrE ΔlctBCD 

[pMTL83151_Ptet_LPE_opt] + [pMTL82251_Ptet_ldhD_LM] (c; �) cultured in mod. DSMZ medium 
135 under heterotrophic conditions with 43mM fructose as carbon and energy source. The time of
supplementation of 300ng/ml anhydrotetracycline (atc) is indicated with a vertical solid line; black, OD600; 
green, pH; gray, fructose consumption; blue, acetate production; orange, lactate production; dark red, 3-HP 
production; error bars indicate the standard deviation within biological triplicates. 
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pMTL82251_Ptet_ldhD_LM or pMTL82251_Ptet_nifJCl_ldhD, respectively. Additionally, all 

three two plasmids-harboring strains showed the production of lactate. However, when using 

A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] + [pMTL82251_Ptet_nifJCl_ldhD] 

(Figure 21b) and A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] + 

[pMTL82251_Ptet_ldhD_LM] (Figure 21c) the maximum lactate concentration was very low 

and with 0.5 mM just at the quantification limit of the method applied, whereas 

A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] + [pMTL82251_Ptet_nifJ_ldhD] 

produced a maximum of 7.4 ± 0.4 mM lactate (Figure 21b). For strain 

A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] + [pMTL82251_Ptet_nifJ_ldhD] a 

weak analytical RID-signal for 3-HP was obtained which was below the tested quantification 

limit and thus could not be used for reliable calculation of the respective concentration. 

In Figure 22, growth (OD600) under autotrophic conditions using CO2 as carbon and H2 as 

energy source, pH, gas consumption, and product pattern of the strains 

A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] + [pMTL82251_Ptet_ldhD_LM], 

A. woodii ΔpyrE ΔlctBCD[pMTL83151_Ptet_LPE_opt] + [pMTL82251_Ptet_nifJ_ldhD], and 

A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] + [pMTL82251_Ptet_nifJCl_ldhD] 

are presented including the parental strain 

A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] as control. All strains exhibited slow 

growth with initial doubling times ranging from 9.9 h using A. woodii ΔpyrE ΔlctBCD 

[pMTL83151_Ptet_LPE_opt] + [pMTL82251_Ptet_ldhD_LM] to 17.4 h using 

A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] + [pMTL82251_Ptet_nifJ_ldhD] until 

the time of induction using anhydrotetracycline. After induction, growth of all strains 

continued whereas the growth rates drastically dropped. As a result, maximum optical 

densities (OD600) ranged from 0.4 using A. woodii ΔpyrE ΔlctBCD 

[pMTL83151_Ptet_LPE_opt] + [pMTL82251_Ptet_ldhD_LM] (Figure 22c) and 

A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] + [pMTL82251_Ptet_nifJ_ldhD] 

(Figure 22b) to 0.7 when using A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] + 

[pMTL82251_Ptet_nifJCl_ldhD] (Figure 22b) (maximum OD600 A. woodii ΔpyrE ΔlctBCD 

[pMTL83151_Ptet_LPE_opt]: 0.5). Regarding the production of lactate, only when using 

A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] + [pMTL82251_Ptet_nifJCl_ldhD] 

and A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] + [pMTL82251_Ptet_ldhD_LM] 

product concentrations with a maximum of 0.5 ± 0.4 (Figure 22b) and 3.3 ± 0.9 mM 

(Figure 22c), respectively, were determined. 3-HP production could not be quantified in any 

of the characterized two plasmids-harboring A. woodii strains. 
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Nevertheless, with the applied methods an analytical RID-signal for 3-HP below the 

quantification limit could be detected when using A. woodii ΔpyrE ΔlctBCD 

[pMTL83151_Ptet_LPE_opt] + [pMTL82251_Ptet_ldhD_LM]. Thus, the concentration of 

produced 3-HP using A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] + 

[pMTL82251_Ptet_ldhD_LM] was estimated to be below 0.5 mM as indicated in Figure 22c. 

Figure 22: Growth, pH, gas consumption (absolute value of accumulated pressure loss (bar)), and 
product spectrum of fermentation of A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] (a; �), 
A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] + [pMTL82251_Ptet_nifJ_ldhD] (b; �), 
A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] + [pMTL82251_Ptet_nifJCl_ldhD] (b; ), and 
A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] + [pMTL82251_Ptet_ldhD_LM] (c; �) cultured 
in mod. DSMZ medium 135 under autotrophic conditions with headspace filled with 1bar CO2 + H2.
The time of supplementation of 300ng/ml anhydrotetracycline (atc) is indicated with a vertical solid line. 
Black, OD600; green, pH; gray, gas consumption; blue, acetate production; orange, lactate production; dark red, 
3-HP production; error bars indicate the standard deviation within biological triplicates. 
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Taking all recombinant A. woodii strains constructed for 3-HP production without 

supplementation of lactate as well as the different growth conditions analyzed into 

consideration, traces of 3-HP below the quantification limit were detected when using 

A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] + [pMTL82251_Ptet_ldhD_LM] 

(Figure 22c) and A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_3-HP_opt] growing under 

autotrophic conditions as well as when using A. woodii ΔpyrE ΔlctBCD 

[pMTL83151_Ptet_LPE_opt] + [pMTL82251_Ptet_nifJ_ldhD] (Figure 21b) and 

A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_3-HP_phaJ] (Figure 20b) growing under 

heterotrophic conditions. The only quantifiable 3-HP production profile could be recorded 

with A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_3-HP_opt] growing under heterotrophic 

conditions producing a maximum of 0.8 ± 0.2 mM 3-HP (Figure 20c). 
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IV. Discussion 

IV.1. Establishment of an inducible promoter system for the 

production of platform chemicals in Acetobacterium woodii 

The investigation of promoter sequences focused particularly on the establishment of an 

inducible promoter system for A. woodii featuring ideally both, tight repression of the desired 

pathway genes in the non-induced state and adjustable and high expression when induced with 

increasing concentrations of the inducer. 

The necessity for such stringent requirements was noticed especially regarding the 

construction of a recombinant A. woodii strain designed for the production of lactate. The 

commonly applied technique of using Clostridium-E. coli shuttle vectors in combination with 

strong constitutively active promoters to express heterologous pathway genes (Hoffmeister et 

al., 2016) was not applicable regarding the heterologous expression of ldhD encoding the 

D-lactate dehydrogenase from Leuconostoc mesenteroides subsp. mesenteroides 

(LEUM_1756; Li et al., 2012). Numerous commercial DNA synthesis and individual cloning 

attempts revealed that the ldhD gene could only be cloned without the use of a constitutive 

promoter. Similar findings were already reported regarding the D-lactate dehydrogenase 

encoding gene from Lactobacillus plantarum which could only be cloned as an intact entity 

in E. coli when the 5’-noncoding region of the gene was replaced with the inducible tac 

promoter (Taguchi and Ohta, 1991). The results presented by Taguchi and Ohta (1991) 

together with the findings of this work underline the reasonable suspicion that the expression 

of an intact D-lactate dehydrogenase gene has some kind of toxic effect on E. coli cells. 

In addition to the lactate dehydrogenase gene, it is very likely that uncontrolled expression of 

other genes, encoding enzymes of the 3-HP pathway (Figure 4), is detrimental to the cells 

since the miscarried expression of the propionyl-CoA transferase gene from C. propionicum 

in E. coli has already been noted previously (Selmer et al., 2002). The introduction of tightly 

regulating promoters for the cloning procedure of such genes as the 3-HP pathway genes 

therefore seems inevitable. The fact that strong and uncontrolled gene expression in general 

has been already reported to have harmful effects on host cells such as Saccharomyces 

cerevisiae (Mumberg et al., 1994), E. coli (Carrier et al., 1983), and A. woodii (Beck et al., 

2020) further underlines the need for inducible promoter systems.  

Eventually, the utilization of the tetracycline-inducible promoter system Ptet allowed the 

completion of plasmids for the construction of recombinant A. woodii strains producing lactate 
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and 3-HP. The fulfillment of the necessary requirements by Ptet was proven via the measured 

specific β-glucuronidase activities showing barely any basal activity in the non-induced state 

as well as reasonable activity upon induction with anhydrotetracycline. Another hint for a 

possible application of Ptet in terms of a tight control of the expression of respective genes in 

A. woodii was provided by testing mCherry as a reporter system for promoter studies in A. 

woodii. Only when using the original plasmid pDSW1728, harboring mCherryOpt controlled 

by Ptet (Ransom et al., 2015), transformation of A. woodii was successful, in contrast to the 

attempts using stronger inducible (PbgaL(Hartman et al., 2011)) or presumably strong and 

constitutively active promoters (Ppta-ack, Pptb, and PthlA (Stim-Herndon et al., 1995; Feustel et 

al., 2004; Hoffmeister et al., 2016)). Most likely, a high-level expression of mCherryOpt is 

giving rise to an additional selection pressure in A. woodii which was reported before 

regarding the use of mCherry in Mycobacterium smegmatis (Carroll et al., 2010). Very similar 

to the assumptions made here, in M. smegmatis a plasmid instability was noticed when using 

the strong constitutive promoter Phsp60 (Gaora, 1998) controlling mCherry which could only 

be circumvented when using a promoter containing the TetO operator (Psmyc) designed for a 

possible regulation by the addition of the TetR repressor (Guo et al., 2007; Carroll et al., 2010). 

The tetracycline-inducible promoter Ptet used in this work comprises exactly these 

components, a gene encoding the TetR repressor and the necessary TetO operator sequences 

within the promoter sequences controlling tetR and the gene of interest (Fagan and 

Fairweather, 2011; Ransom et al., 2015). 

The concentration-dependent β-glucuronidase activities recorded when using the lactose-

inducible promoter PbgaL revealed the functionality of this promoter in A. woodii. PbgaL has 

been successfully used for heterologous gene expression in a variety of clostridial species such 

as Clostridium perfringens (Hartman et al., 2011), Clostridium acetobutylicum (Al-Hinai et 

al., 2012), and Clostridium ljungdahlii (Banerjee et al., 2014). Due to the fact that considerable 

basal β-glucuronidase activities were detected in A. woodii as well as relative fluorescence 

values in E. coli, both without the addition of lactose, respectively, the promoter was not 

further considered for the expression of pathway genes for lactate or 3-HP production. 

Besides Ptet, the synthetic promoter construct PackA-theo comprising the presumably strong ackA 

promoter from A. woodii (PackA, (Hoffmeister et al., 2016)) linked to a theophylline riboswitch 

(Seibold and Rückert, unpublished) also showed considerably tight control of the gusA gene 

which was noticeable in vanishingly low activities measured without previous induction. 

Nevertheless, Ptet was preferred over PackA-theo since at early time points and with weakly 

growing cells (data not shown) no β-glucuronidase activity was measured using PackA-theo even 

in the induced state. This choice was further substantiated by the observation that the 
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construction of the plasmid pMTL83151_gusA_PackA-theo (Figure 23a) was only successful 

after numerous cloning attempts. In addition, due to the presumed functionality of the 

theophylline riboswitch as acting at the translational level and depending on the mRNA 

structure (Figure 23b, Nakahira et al. mod., 2013), the construction of 

pMTL83151_gusA_PackA-theo was performed without the introduction of a specific restriction 

site adjacent to the start codon of gusA. The restriction site was omitted to avoid undesired 

structural mRNA interference of this sequence with the proximal theophylline riboswitch 

leading to a malfunctioning of the riboswitch. This circumstance, however, slightly 

complicates the further introduction of genes of interest to be controlled by PackA-theo since gusA 

or any other gene cannot be excised via restriction enzyme digestion using a universally 

compatible enzyme but has to be inserted individually concomitant with PackA-theo using 

individual seamless cloning techniques such as In-Fusion® cloning (Takara Bio USA Inc., 

Mountain View, USA), CPEC (Quan and Tian, 2009), or Gibson assembly (Gibson et al., 

2009).  

In contrast to the proposed operating principle of PackA-theo (Figure 23b, Nakahira et al. mod., 

2013), all other inducible promoter systems analyzed in this work harbor a sequence encoding 

a regulatory protein presumed to be acting at the transcriptional level (Schleif, 1992; Berens 

and Hillen, 2003; Hartman et al., 2011; Y. Zhang et al., 2015).  
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Regarding the tetracycline-inducible promoter system (Ptet) used here, the regulatory protein 

is the TetR repressor derived from transposon Tn10 of E. coli. By binding to the two operator 

sequences within the two divergent promoter sequences (PtetR and Ptet) TetR represses its own 

as well as the expression of the respective gene of interest (Geissendörfer and Hillen, 1990; 

Berens and Hillen, 2003; Fagan and Fairweather, 2011). 

Thus, in A. woodii the functionality of the tetracycline-inducible promoter system Ptet 

alongside with the inducible promoter systems Pfac (IPTG), PbgaL (lactose), and PackA-theo 

(theophylline) could first be demonstrated by Beck et al. (2019). 

The general properties of the tetracycline-inducible promoter system and the described 

functionality in A. woodii facilitated the cloning work to a large extent (Beck et al., 2020) and 

eventually allowed the construction of recombinant A. woodii strains for the production of 

lactate and 3-HP as discussed in the following section. 

Figure 23: (a) Plasmid map of the constructed plasmid pMTL83151_gusA_PackA-theo; PackA-theo, synthetic 
promoter construct containing PackA promoter sequence from A. woodii fused downstream with the 
theophylline riboswitch; repH, pCB102 replicon for Gram-positive bacteria from Clostridium butyricum;
ColE1, high-copy number replicon for Gram-negative bacteria derived from pMTL20; catP, 
chloramphenicol resistance gene; traJ, gene necessary for conjugal transfer; gusA, gusA gene from E. coli

encoding the β-glucuronidase. (b) Assumed functional model of the theophylline riboswitch from 
pMTL83151_gusA_PackA-theo (based on Nakahira et al., 2013). The ribosome-binding site (RBS) is 
released in the induced state (+ theophylline) resulting in the translation of the gusA gene (gusA) from the
mRNA transcript. 
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IV.2. Overcoming metabolic challenges in A. woodii for the 

heterologous production of lactate and 3-hydroxypropionate  

IV.2.1. Disruption of the native lactate metabolism of A. woodii 

IV.2.1.1. Lactate consumption and the role of the Ldh/Etf complex 

When growing autotrophically and heterotrophically, the strain A. woodii 

[pJIR750_Ptet_ldhD_LM] designed for the production of lactate via the heterologous 

expression of the D-lactate dehydrogenase gene (ldhD) from Leuconostoc mesenteroides 

subsp. mesenteroides ATCC 8293 exhibited no production of lactate (data not shown). On the 

other hand, in contrast to the type strain A. woodii DSM1030, both A. woodii 

[pJIR750_Ptet_ldhD_LM] and A. woodii [pJIR750_Ptet_nifJ_ldhD] produced an active 

D-lactate dehydrogenase. This was demonstrated by Western blotting of protein extract from 

A. woodii cultures using antibodies raised against heterologously produced Ldh as well as by 

enzymatic assays established for the Ldh (Wiechmann, personal communication). Thus, it was 

hypothesized that the native metabolic background of A. woodii to some extent counteracts 

the heterologous production of lactate and thus most likely also the production of 3-HP via the 

lactate-converting pathway (Figure 4). Since A. woodii is capable of metabolizing lactate using 

the Ldh/Etf complex (Weghoff et al., 2015) it was hypothesized that the recombinant lactate 

production strains such as A. woodii [pJIR750_Ptet_ldhD_LM] and A. woodii 

[pJIR750_Ptet_nifJ_ldhD] rapidly metabolize the produced lactate impeding a detection in the 

culture supernatant.  
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For this reason it was considered to create an A. woodii strain lacking the electron-confurcating 

Ldh/Etf complex (Weghoff et al. mod., 2015; Figure 24) as a chassis for the production of 

lactate as well as eventually 3-HP. The strain A. woodii ΔpyrE ΔlctBCD was constructed for 

exactly that purpose and when used as a parental strain for the heterologous expression of 

ldhD, the variety of constructed recombinant strains always exhibited a production of lactate 

when growing heterotrophically as well as autotrophically. The positive lactate production 

using A. woodii ΔpyrE ΔlctBCD as a parental strain confirmed the functionality of the 

heterologous D-lactate dehydrogenase as well as the hypothesis of the electron-confurcating 

Ldh/Etf complex as counteracting lactate production in the A. woodii wild type strain.  

Noteworthy, it was later observed that when growing heterotrophically and consuming 

concentrations of 42 to 96 mM fructose the type strain of A. woodii, 

A. woodii ΔpyrE ΔlctBCD, and A. woodii ΔpyrE ΔlctBCD [pJIR750] produced very small 

amounts (maximum of 1.0 ± 0.5 mM) of lactate, vanishing again at the end of cultivation using 

the type strain (Table 16). In contrast, previous analysis of heterotrophically grown precultures 

of A. woodii consuming 11 mM of fructose showed no detectable lactate production (data not 

shown). BLASTp analyses (E value cut-off, 10-5; query sequence, amino acid sequence of the 

D-lactate dehydrogenase from L. mesenteroides subsp. mesenteroides encoded by 

LEUM_1756 (Makarova et al., 2006; Li et al., 2012)) revealed the presence of three possibly 

D-isomer specific isozymes encoded by Awo_c16070, Awo_c07830, and Awo_c28170 

respectively, whereas L-isomer specific isozymes were not identified (E value cut-off, 10-5; 

Figure 24: Metabolic modifications necessary for efficient heterologous production of lactate using 
recombinant strains of A. woodii. Circumvention of native lactate consumption mediated by the 
electron-confurcating LDH/Etf complex (Weghoff et al., 2015) was achieved in the knock-out strain 
A. woodii ΔpyrE ΔlctBCD. A. woodii ΔpyrE ΔlctBCD was used as a parental strain for the introduction 
of a heterologous ldhD encoding lactate dehydrogenase (LDH) from Leuconostoc mesenteroides and 
overexpression of nifJ encoding pyruvate:ferredoxin oxidoreductase (PFOR) from A. woodii; EtfAB, 
small (EtfB) and large (EtfA) subunits of an electron-transferring flavoprotein (Etf). Reaction arrows 
indicate relevant reactions for the production of lactate (without possible back reactions) within the non 
stoichiometric illustration of the lactate production pathway. 



 
90 IV. Discussion 

query sequence, amino acid sequence of the L-lactate dehydrogenase from Clostridium 

acetobutylicum encoded by CA_C0267 (Nölling et al., 2001; Hönicke et al., 2014)). Most 

likely the activity of one or more of these D-isomer specific isozymes allowed 

A. woodii ΔpyrE ΔlctBCD (and maybe also the A. woodii wild type strain) the production of 

very small amounts of lactate as soon as enough fructose (42 to 96 mM) was supplied. While 

in the A. woodii wild type strain the small amounts of lactate measured vanished at the end of 

the experiment (Table 16), most likely because of the action of the Ldh/Etf complex (Weghoff 

et al., 2015), it stayed at the same low level in A. woodii ΔpyrE ΔlctBCD. For Clostridium 

autoethanogenum it was hypothesized that produced lactate might be used as a carbon storage 

strategy for the cell. The idea that some acetogens use lactate as a carbon storage (Köpke et 

al., 2011) could be a possible physiological explanation why under certain conditions small 

amounts of lactate are produced also by A. woodii.  

Cheng et al. (2018) also reported the production of lactate using the wild type strain of 

A. woodii growing under heterotrophic conditions. However, from the above mentioned study 

neither produced lactate concentrations are depicted in the graphs, nor does the product profile 

of the heterotrophically cultured strain producing relatively much more butyrate from fructose 

than acetate fit to A. woodii (Cheng et al., 2018). Since on the one hand A. woodii is famous 

for producing acetate as major product (Balch et al., 1977) and on the other hand no enzymes 

are encoded on its genome allowing the production of C4 compounds (Poehlein et al., 2012) 

the identity of the presented strain is questionable (Cheng et al., 2018).  

Interestingly, the heterotrophically growing strains A. woodii ΔlctBCD ΔpyrE::pyrE-Ptet-

ldhD, A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_nifJ_ldhD], and A. woodii ΔpyrE ΔlctBCD 

[pJIR750_Ptet_nifJCl_ldhD] producing the highest concentrations of lactate still exhibited a 

noticeable depletion of the produced lactate after fructose was consumed (Figure 11b; Figure 

12b; Supplement Figure 26c). This phenomenon was not noticed when the strains were 

growing autotrophically using H2 plus CO2. These observations might most likely be explained 

when taking the thermodynamics of the lactate dehydrogenase reaction into account. By using 

the Ldh/Etf complex, A. woodii is naturally capable of overcoming the energetic barrier of 

lactate oxidation based on the endergonic “uphill” electron transfer from the high redox 

potential of the lactate/pyruvate couple (E0′ = -190 mV) to NAD+ (E0' = -320 mV) (Thauer et 

al., 1977; Weghoff et al., 2015). Via this sophisticated energy coupling mechanism termed 

flavin-based electron-confurcation, the endergonic lactate oxidation is driven by exploiting the 

simultaneous exergonic electron flow from reduced ferredoxin (E0' ≈ -500 mV) to NAD+ 

according to: lactate + Fd2− + 2 NAD+ → pyruvate + Fd + 2 NADH (Weghoff et al., 2015). 

However, the mutant A. woodii ΔpyrE ΔlctBCD is lacking the Ldh/Etf complex and thus 
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unable to utilize the electron-confurcating mechanism. Thus, as long as another lactate 

dehydrogenase is present and active, in A. woodii ΔpyrE ΔlctBCD the NAD+-dependent 

lactate oxidation is endergonic (Weghoff et al., 2015) with a positive standard free energy 

change (ΔG0' = +25.09 kJ/mol; equation 1) which can be calculated using the standard 

reduction potentials (Nelson et al., 2011; equation 2 and 3; n = 2; F = 96485 C/mol; 

R = 8.314 J/(K mol)). 
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However, according to the Nernst equation, the redox potential (E) and the free energy change 

(equation 3) are also dependent on the concentration of the reduced and oxidized 

species/reactants as long as they are not identical (equation 4; Nelson et al., 2011).  
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Assuming that the same NADH/NAD+ ratio of 0.27 reported for Clostridium kluyveri (Decker 

and Pfitzer, 1972) is also applicable for recombinant strains of A. woodii ΔpyrE ΔlctBCD, this 

results (equation 4; E0′ = -320 mV; n = 2; T = 298 K; F = 96485 C/mol; R = 8.314 J/(K mol)) 

in a rise of the NADH/NAD+ redox potential to E = -303.2 mV. On the other hand, as soon as 

the pyruvate/lactate ratio drops below 1.48 ∙ 10-4 (equation 4) the lactate/pyruvate redox 

potential drops correspondingly below the threshold value of -303.2 mV. As a consequence, 

the difference in reduction potential ΔE (equation 2) becomes positive resulting in a negative 

free energy change ΔG (equation 3) and therefore the reaction can proceed spontaneously 

(Nelson et al., 2011). For instance, this would be the case when assuming internal 

concentrations of 10 mM lactate and 1 µM of pyruvate yielding with equations 4, 2, and 3 an 

actual free energy change of ΔG = -0.98 kJ/mol. The calculations made are based on 

assumptions regarding the intracellular NADH/NAD+ and lactate/pyruvate ratio. However, an 

increase of the NADH/NAD+ ratio is possible, but very unlikely to be in the scale of several 

orders of magnitude (Decker and Pfitzer, 1972; Zhang et al., 2009; Su et al., 2017) shifting 

the redox potential of the electron acceptor couple to a far more negative value and increasing 

ΔG. Nevertheless, the intracellular pyruvate/lactate ratio was not determined in this work, but 

is likely to be very low especially in heterotrophically grown strains and when all of the 

provided fructose is consumed and partially converted into high concentrations of lactate 

(Figure 11b; Figure 12b; Supplement Figure 26c) based on the following:  
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First, in those cases depletion of lactate was noticed, the detected lactate concentrations1 in the 

supernatant of heterotrophically growing lactate production strains of 

A. woodii ΔpyrE ΔlctBCD reached maximal values between 31.4 ± 2.3 and 58.9 ± 6.9 mM 

(Table 16). The concentration of both lactic acid (AH) and lactate anion (A-) can be estimated 

to be even higher intracellularly, based on the assumptions that (i) lactic acid reaches equal 

concentrations internally and externally, whereas the distribution of the dissociated, largely 

impermeable form (lactate; A-) is a function of the pH gradient (Harold and Levin, 1974; 

equation 5, Thauer et al., 1977) and (ii) the presence of an more alkaline intracellular pH 

(equation 5)2 as reported for Clostridium pasteurianum (Riebeling et al., 1975) and the closely 

related Acetobacterium wieringae (Menzel and Gottschalk, 1985).  

�5�                                                     5��685��69  =  5�:695�:68  
Second, pyruvate is not only a substrate for A. woodii (Bache and Pfennig, 1981), but also 

prone to be metabolized to acetyl-CoA in the exergonic (ΔG0’ = -19.2 kJ/mol) 

pyruvate:ferredoxin oxidoreductase (EC 1.2.7.1) reaction (Thauer et al., 1977). Thus, it is 

tempting to speculate that during heterotrophic growth as soon as all fructose is consumed via 

glycolysis (Schuchmann and Müller, 2014) and pyruvate is mainly depleted in the 

pyruvate:ferredoxin oxidoreductase reaction (Thauer et al., 1977), very low intracellular 

pyruvate concentrations are reached. Taking these considerations into account it is very likely 

that very low intracellular pyruvate/lactate ratios as estimated above are possible, especially 

when a lot of lactate was produced initially as in the observed cases consequently allowing a 

slow oxidation of lactate (Weghoff et al., 2015). 

A considerable depletion of lactate in autotrophically grown lactate production strains was 

most likely not observed since the maximal lactate concentrations observed were still at least 

three times lower than using the heterotrophically growing strains where depletion was 

noticed. In addition, in autotrophically growing acetogens the reverse reaction of the 

pyruvate:ferredoxin oxidoreductase (Pfor) resulting in the synthesis of pyruvate is necessary 

for the biosynthesis of macromolecules (Furdui and Ragsdale, 2000). Thus, together with 

lower lactate levels, the intracellular pyruvate/lactate ratio is likely to increase.  

                                                 
1 in general in this work the term carboxylate is used for the total of both anion and undissociated acid if not 
mentioned otherwise as following 
2 [H+]i < [H+]e ; [A-], acid anion concentration; [H+], proton concentration; e, external; i, internal, Thauer et al., 
1977) 
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IV.2.1.2. The reverse reaction of the pyruvate:ferredoxin oxidoreductase 

(Pfor): the reduction of acetyl-CoA to pyruvate 

The activity of the pyruvate:ferredoxin oxidoreductase (Pfor; EC 1.2.7.1) working in the 

reverse reaction can generally be seen as one of the crucial determining factors towards the 

production of both lactate and 3-HP from CO2 + H2. First, for the production of pyruvate from 

acetyl-CoA and CO2 at the expense of reduced ferredoxin the thermodynamic barrier of the 

endergonic reverse pyruvate:ferredoxin oxidoreductase reaction (ΔG0’ = +19.2 kJ/mol) has to 

be overcome (Thauer et al., 1977). Second, it was shown that pyruvate synthesis is less 

efficient, whereas with kcat and kcat/Km values for pyruvate synthesis only 8–10-fold lower than 

for pyruvate oxidation the Pfor from Clostridium thermoaceticum (Moorela thermoacetica) 

strain ATCC 39073 was already considered being a very active pyruvate synthase (Furdui and 

Ragsdale, 2000). However, as stated in a patent by the company LanzaTech (Köpke et al., 

2016), the action of the pyruvate:ferredoxin oxidoreductase was discovered as a rate-limiting 

step in 2,3-butanediol formation in C. autoethanogenum, Clostridium ljungdahlii, and 

Clostridium ragsdalei. This bottleneck was alleviated by overexpressing the gene that encodes 

pyruvate:ferredoxin oxidoreductase in C. autoethanogenum (Köpke et al., 2016). However, in 

recombinant A. woodii ΔpyrE ΔlctBCD strains heterologously expressing ldhD and 

additionally harboring Pfor encoding genes on a plasmid, only under heterotrophic growth 

conditions a beneficial effect on lactate production was noticed in comparison to strains 

heterologously expressing the ldhD alone (Figure 11b and c, Supplement Figure 26b and c). 

This effect seemed to be independent of whether the native Pfor-encoding gene (nifJ; 

Awo_c24330) was presumably overexpressed as in A. woodii ΔpyrE ΔlctBCD 

[pJIR750_Ptet_nifJ_ldhD], or whether the Pfor-encoding gene from C. ljungdahlii (nifJ 

(CLJU_c09340) was heterologously expressed as in A. woodii ΔpyrE ΔlctBCD 

[pJIR750_Ptet_nifJCl_ldhD]. Interestingly, this also applies to the chromosomal integration 

strain A. woodii ΔlctBCD ΔpyrE::pyrE-Ptet-ldhD that under heterotrophic conditions exhibited 

only a slightly lower lactate yield compared to A. woodii ΔpyrE ΔlctBCD 

[pJIR750_Ptet_nifJCl_ldhD] and A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_nifJ_ldhD] 

(Table 16). However, under autotrophic conditions a maximal concentration of 10 to 11 mM 

lactate was not exceeded whereas A. woodii ΔlctBCD ΔpyrE::pyrE-Ptet-ldhD produced this 

amount of lactate while only growing to a very low optical density after induction (0.3 ± 0.1). 

It appears to be likely that under autotrophic conditions a limit for production of lactate in 

batch fermentation might be reached being independent on presumed differences in the level 

of (heterologous) gene expression and enzyme production. Regarding the production of 

ethanol with C. ljungdahlii it was shown that production is rather controlled by 
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thermodynamics than by the abundance of enzymes (H. Richter et al., 2016). Regarding the 

heterologous production of lactate (and 3-HP) in A. woodii ΔpyrE ΔlctBCD this could mean 

that under the autotrophic conditions tested, the native abundance of the Pfor is already 

sufficient assuring together with the Ldh a maximal metabolic flux towards lactate while still 

allowing the biosynthesis of necessary macromolecules (Furdui and Ragsdale, 2000).  

 

The observation that the chromosomal integration strain 

A. woodii ΔlctBCD ΔpyrE::pyrE-Ptet-ldhD showed a noticeable better lactate production than 

A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_ldhD_LM] (Table 16, Figure 13b, Figure 14b), 

although equipped with the same genes, can be explained with the advantages of the 

chromosome-based production system. First, antibiotic resistance gene expression (Glick, 

1995) as well as plasmid replication and maintenance have a certain energy demand which is 

increasing with plasmid copy number and size (Seo and Bailey, 1985; Cheah et al., 1987; 

Ryan et al., 1989; Khosravi et al., 1990). Second, the plasmid systems used in this work in all 

pMTL83151- and pJIR750-derived plasmids comprise the chloramphenicol acetyltransferase 

gene (catP) as a selection marker (Bannam and Rood, 1993; Heap et al., 2009). Due to the 

fact that the chloramphenicol acetyltransferase uses acetyl-CoA to disarm chloramphenicol 

(Shaw, 1967) and thiamphenicol (Syriopoulou et al., 1981) another energetic burden for the 

plasmid-harboring strains becomes obvious since to stay viable 1 mole acetyl-CoA needs to 

be sacrificed (and with that eventually ATP gained from substrate level phosphorylation in the 

acetate kinase reaction (EC 2.7.2.1) subsequent to the phosphotransacetylase reaction (EC 

2.3.1.8)) for acetylation of each mole thiamphenicol present. The latter two facts together with 

cost saving aspects when not relying on antibiotic supplementation for plasmid maintenance 

clarify that for industrial production in general non-plasmid based systems are favored (Yin et 

al., 2014). 

 

During the lactate production experiments under heterotrophic conditions (Table 16) large 

differences in carbon recovery within the strains and a particularly pronounced imbalance 

using the parental strain A. woodii ΔlctBCD ΔpyrE (44 % recovery) and consuming large 

amounts of fructose (96 mM) were noticed. Typically, less than 10 % of the substrate carbon 

is converted into biomass in actual clostridia fermentations, thus a carbon recovery above 90 % 

would be expected (Papoutsakis, 1984). Since the carbon recovery calculations in this work 

are in general based on the consumption of fructose, small errors in fructose analysis via HPLC 

have a major impact on the final recovery result. Experience showed that analytical outliers in 

determined fructose concentrations might shift the resulting carbon recovery slightly below 
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70 % or above 100 % (Flüchter, 2017), possibly explaining exceeding values for 

A. woodii ΔlctBCD ΔpyrE [pMTL83151_Ptet_ldhD_LM] and A. woodii ΔlctBCD ΔpyrE 

[pMTL83151_Ptet_nifJ_ldhD], respectively, but not for the control strains 

A. woodii ΔlctBCD ΔpyrE and A. woodii ΔlctBCD ΔpyrE [pJIR750] (Table 16). It is known 

that A. woodii is capable of H2 production when growing chemoorganotrophically (Braun and 

Gottschalk, 1981) presumably converting excess electrons obtained from glycolysis and the 

Pfor reaction into H2 via the electron-bifurcating hydrogenase. The determination of the 

corrected carbon recovery (Table 16), assuming that one third of the carbon from fructose was 

lost to CO2 + H2, was based on this ability of chemoorganotrophical H2 production (Braun and 

Gottschalk, 1981). It appears, however, that this assumption might mainly be applicable for 

A. woodii ΔlctBCD ΔpyrE mutant strains growing on large amounts of fructose and without 

(over)expressing genes whose encoding enzymes (Pfor and or Ldh) catalyze reactions that 

might serve as an additional electron sink. This might be true since most imbalanced carbon 

recovery was noticed when using high concentrations of fructose and the control strains 

A. woodii ΔlctBCD ΔpyrE and A. woodii ΔlctBCD ΔpyrE [pJIR750] in contrast to the 

A. woodii wild type and the lactate-producing strains of A. woodii ΔlctBCD ΔpyrE (Table 16). 

However, since H2 and CO2 were not determined in the gas phase within this work, it remains 

unclear whether or not the theory for the corrected carbon recovery is (only) true for the 

respective A. woodii ΔlctBCD ΔpyrE and A. woodii ΔlctBCD ΔpyrE [pJIR750] strains 

resulting in a loss of one third of the provided carbon from fructose to CO2 + H2.  

IV.2.2. Establishment of the 3-HP production pathway in A. woodii and 

possible limitations 

The functionality of the synthetic 3-HP production pathway (Figure 4) in A. woodii was first 

shown using A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] (Figure 16c and 

Figure 17c) with the conversion of added lactate into 3-HP. Previous strains A. woodii 

[pMTL83151_Ptet_LPE] and A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE], however, 

did not exhibit any conversion of lactate into 3-HP (data not shown). With respect to A. woodii 

[pMTL83151_Ptet_LPE] this might be explained with the fast lactate consumption using a wild 

type A. woodii chassis counteracting a production of 3-HP as discussed above (IV.2.1.1). 

A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE] and A woodii ΔpyrE ΔlctBCD 

[pMTL83151_Ptet_LPE_opt] only differ in the version of the introduced ehy gene in either 

native or codon-optimized version, respectively. Thus, all of the latter strains are equipped 

with genes encoding exactly the same enzymes (lactoyl-CoA dehydratase, Lcd; propionyl-
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CoA transferase, Pct; enoyl-CoA hydratase, Ehy). A. woodii, however, showed production of 

Lcd and Pct, but not of Ehy when harboring pMTL83151_Ptet_LPE (Wiechmann, personal 

communication). The conclusion was that the translation of ehy was inefficient in A. woodii 

due to the presence of unfavorable codons in the original gene sequence (Caur_0101) from the 

phylogenetically more distant filamentous phototrophic bacterium Chloroflexus aurantiacus 

(Pierson and Castenholz, 1974; Gokarn et al., 2004). When comparing the GC content of ehy 

(58 % GC) with the genome of A. woodii (39 % GC) it is not surprising that in the original ehy 

14 amino acids are encoded at high frequencies by codons unfavorable to A. woodii based on 

the codon usage calculated from all coding sequences of the genome (Poehlein et al., 2012). 

Codon usage is considered to be an important issue regarding the heterologous production of 

enzymes in the acetogens Clostridium coskatii and C. ljungdahlii (Flüchter et al., 2019) and a 

variety of other bacteria (Ingham and Moore, 2007). The codon optimization performed 

changed the frequency of 51 amino acid codons in ehy so that only the most frequently used 

codons were present in ehy_opt. The Western blot (Figure 18) and eventually the measured 

conversion of lactate into 3-HP (Figure 16 and Figure 17) both confirmed the production and 

functionality of Ehy in A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] harboring the 

codon-optimized ehy_opt (Supplement Sequence 1).  

The enzyme Ehy was selected from Ch. aurantiacus since it was reported to catalyze the 

desired enoyl-CoA hydratase reaction from acryloyl-CoA to 3-hydroxypropionyl-CoA when 

heterologously expressed in Saccharomyces cerevisiae or E. coli (Gokarn et al., 2004). 

Furthermore, the conversion of lactate into 3-HP using A. woodii ΔpyrE ΔlctBCD 

[pMTL83151_Ptet_LPE_opt] confirmed the functionality of the enzymes lactoyl-CoA 

dehydratase (Lcd) and propionyl-CoA transferase (Pct) from C. neopropionicum. Even though 

Megasphaera elsdenii also possesses the latter two enzymes (Elsden et al., 1956; Baldwin et 

al., 1965; Gokarn et al., 2004; Zhang et al., 2019), C. neopropionicum was the preferred 

source for both coding genes because of its close phylogenetic relationship (Figure 25) to 

A. woodii (39 % GC) and a very similar GC content of the respective coding sequences lcdCAB 

(43 % GC) and pct (41 % GC). Furthermore, the choice was substantiated due to very high 

sequence similarity at the amino acid level (Beck et al., 2016) to the respective enzymes (Pct 

and Lcd) from C. propionicum. The lactoyl-CoA dehydratase (Lcd) and propionyl-CoA 

transferase (Pct) from C. propionicum mediating the desired function within the synthetic 

3-HP pathway (Figure 4) with reactions of the partial acrylate pathway from D-lactate via 

D-lactoyl-CoA to acryloyl-CoA were already profoundly investigated (Schweiger and Buckel, 

1984; Kuchta and Abeles, 1985; Kuchta et al., 1986; Hofmeister and Buckel, 1992; Brunelle 

and Abeles, 1993; Selmer et al., 2002) and also used for propionic acid production in E. coli 



 
97 IV. Discussion 

(Kandasamy et al., 2013). Since both enzymes Lcd and Pct exhibit pronounced stereochemical 

preference for D-lactate ((R)-lactate) over the (S)-enantiomer (Schweiger and Buckel, 1984; 

Hofmeister and Buckel, 1992; Brunelle and Abeles, 1993) a D-lactate dehydrogenase was the 

enzyme of choice for lactate production and the implementation of the 3-HP production 

pathway (Figure 4). The tremendously high specific activity of 4450 U/mg reported for the 

D-lactate dehydrogenase from Leuconostoc mesenteroides subsp. mesenteroides ATCC 8293 

together with a very high catalytic efficiency (kcat/Km = 4.99 ∙ 106 1/Ms) for pyruvate reduction 

(Li et al., 2012) and a favorable GC content of the encoding ldhD gene (LEUM_1756; 

40 % GC) supported the selection of this gene.  

The question why the utilization of phaJ from C. acetireducens other than ehy_opt, which also 

encodes a enoyl-CoA hydratase, did not lead to an improved production of 3-HP can most 

likely be answered by differences in enzyme specificity rather than phylogenetic distance 

(Figure 25) and codon usage because: (i) phaJ exhibits a low GC content (CLOACE_21160; 

30 % GC) and (ii) C. acetireducens is phylogenetically closely related to A. woodii (Figure 25) 

both pledging a successful heterologous expression in A. woodii. However, nothing is known 

about the enzymatic properties of the (R)-enoyl-CoA hydratase PhaJ from C. acetireducens in 

terms of substrate specificity. Recently, phaJ from C. acetireducens was successfully used for 

the heterologous production of poly(3-hydroxybutyrate) (PHB) in Clostridium coskatii and C. 

ljungdahlii (Flüchter et al., 2019). Here, via the successful production of PHB in recombinant 

Figure 25: Phylogenetic tree based on the alignment of 16S rDNA sequences from species harboring genes 
encoding enzymes used or discussed for 3-HP production in A. woodii regarding this work. 16S rDNA 
sequences were acquired from IMG/MER (accessed July 2019). The phylogenetic tree was constructed using the 
neighbor-joining method. Numbers below branches indicate branch lengths. The sale bar represents a measure of 
distance between taxa: a distance of x between two taxa indicates an expected change in each nucleotide 
independently with probability 100 ∙ x %. Values on internal nodes represent bootstrap values in per cent for the 
clade of this group in 100 replications. The algorithm applied rooted the tree to L. mesenteroides explaining a 
missing bootstrap value for the respective node. Branches with a bootstrap value above 50% are highlighted. 
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strains of C. coskatii and C. ljungdahlii the (R)-enoyl-CoA hydratase PhaJ was shown to 

catalyze the reaction from crotonyl-CoA to (R)-3-hydroxybutyryl-CoA (Flüchter et al., 2019). 

Thus, it is likely that PhaJ exhibits a pronounced substrate preference towards crotonyl-CoA 

and a very low substrate affinity to acryloyl-CoA in comparison to Ehy, which could explain 

the very low amounts of 3-HP detected when using heterotrophically growing 

A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_3-HP_phaJ] (Figure 20b). This can be 

considered as a hint that the (R)-enoyl-CoA hydratase PhaJ from C. acetireducens could be 

termed more precisely (R)-3-hydroxybutyryl-CoA dehydratase (EC 4.2.1.55; (Moskowitz and 

Merrick, 1969)). The discussed differences in substrate affinity may also be an explanation 

why A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LP_phaJ] harboring lcdCAB, pct, and phaJ 

exhibited no conversion of lactate into 3-HP (Figure 16b and Figure 17b) in contrast to 

A woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] with lcdCAB, pct, and ehy_opt 

(Figure 16c and Figure 17c). Thus, even very low concentrations (below 0.5 mM) of 

presumably produced 3-HP could not be detected, since it was noticed that very weak 3-HP 

signals from the detector were superimposed by the stronger detector signals from lactate that 

was supplied at higher concentrations (30 and 50 mM) in the respective experiments and 

exhibited only slightly shorter retentions times than its isomer 3-HP in the HPLC method 

performed (chromatograms in Supplement Figure 28). 

The production of 3-HP without supplementation of lactate turned out to be a very challenging 

endeavor mainly due to the following two reasons: (i) the construction of a single plasmid, 

harboring genes (nifJ, ldhD, pct, lcdCAB, and ehy) encoding all the enzymes of the synthetic 

3-HP pathway (Figure 4), was very challenging and time-consuming and (ii) transformation 

of A. woodii using the 16.2 kbp pMTL83151_2Ptet_NLLPE (Table 13) as the only plasmid that 

was successfully constructed harboring all these genes (nifJ, ldhD, pct, lcdCAB, and ehy non-

codon-optimized) was unsuccessful. Furthermore, experience from this work and others 

(unpublished data) indicated that the transformation efficiency in A. woodii is drastically 

decreasing with vector size tending to infinitissimal efficiencies at sizes already several kbp 

smaller than the 16.2 kbp of pMTL83151_2Ptet_NLLPE. Therefore, and additionally 

supported by the fact that the exchange of ehy in pMTL83151_2Ptet_NLLPE with the, later 

proven to be functional, version ehy_opt failed, alternative approaches were considered.  

As a simple approach, co-cultivation of two strains was considered, which has already been 

shown for the production of the long chain alcohols n-butanol and n-hexanol using a co-culture 

of Clostridium ljungdahlii and Clostridium kluyveri (Richter et al., 2016). Within this work, 

the lactate production strains such as A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_nifJ_ldhD] and 

A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_ldhD_LM] together with the lactate into 3-HP 
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converting strain A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] were co-cultivated 

under heterotrophic conditions (data not shown). However, the major problem of this approach 

was assumed to be a possible overgrowth of one strain over the other. This assumption seemed 

to be verified by the fact that on the one hand only lactate and acetate but no 3-HP was detected 

and on the other hand only the plasmids pJIR750_Ptet_nifJ_ldhD and pJIR750_Ptet_ldhD_LM 

but not pMTL83151_Ptet_LPE_opt could be verified from co-fermentation cultures at the end 

of the heterotrophic growth experiment. 

The production of 3-HP without supplementation of lactate was eventually achieved by using 

the one plasmid-harboring strains (A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_3-HP_phaJ] 

(Figure 20b) and A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_3-HP_opt] (Figure 20c)), 

whose construction was facilitated by the abdication of the overexpression of the 3525 bp long 

nifJ gene, as well as via implementation of a two-plasmid system using 

A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] + [pMTL82251_Ptet_nifJ_ldhD] 

(Figure 21b) and A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] + 

[pMTL82251_Ptet_ldhD_LM] (Figure 22c). It has to be noted that production under 

autotrophic conditions was only detected in amounts below the limit of quantification of 

0.5 mM  using A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] + 

[pMTL82251_Ptet_ldhD_LM] (Figure 22c) and A. woodii ΔpyrE ΔlctBCD 

[pMTL83151_Ptet_3-HP_opt] showing an analytical signal significantly (one tailed t-test with 

equal variances, t=3.04, 3.84; df = 4; p < 0.05) stronger than detected in the baseline 

background of the control strains. A better demonstration of a 3-HP production using the 

recombinant strains A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] + 

[pMTL82251_Ptet_ldhD_LM] and A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_3-HP_opt] 

under autotrophic conditions might be expected when performing fermentations at a larger 

scale and controlled conditions for instance during a continuous fermentation process in a 

bioreactor where higher cell densities, concentrations, and productivities compared to bottle 

fermentations were achieved for recombinant strains of A. woodii and the wild type strain 

(Demler and Weuster-Botz, 2011; Kantzow et al., 2015; Groher and Weuster-Botz, 2016; 

Hoffmeister et al., 2016; Kantzow and Weuster-Botz, 2016).  

Nevertheless, the two-plasmid system was planned in this work and conducted by Flaiz (2018) 

to first elucidate the compatibility of different origins of replication from Gram positive 

bacteria and antibiotic resistance markers in A. woodii, however, without using any 

heterologous pathway genes (Flaiz, 2018). Flaiz (2018) demonstrated the feasibility of ermB 

and catP as simultaneous selection markers as well as the coexistence of two plasmids 

harboring different replicons by combinations of pMTL83151 together with pMTL82251, 
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pMTL84251, pJIR751, or pMTL87251 in A. woodii. Yet nothing is so far known about the 

properties of the system when applied for pathway engineering as in this work. The 

inconsistencies noticed regarding the production patterns of presumably two plasmids carrying 

strains growing under heterotrophic (Figure 21) compared to autotrophic (Figure 22) growth 

conditions raise some questions. The gel picture obtained for the verification of the constructed 

strains showing digested plasmid DNA (Supplement Figure 27a) already suggested varying 

copy numbers of the two plasmids within the cell since only pMTL83151_Ptet_LPE_opt was 

directly visible and the second plasmid (pMTL82251 derivatives) had to be verified after 

retransformation in E. coli DH5α (Supplement Figure 27b). The long-term stability and 

coexistence of the two plasmids might represent another limit for the 3-HP production in 

A. woodii. It was, however, not further investigated in this work and is most likely depending 

on many different individual factors such as growth condition, cultivation time, size of the 

plasmids, and composition of heterologous genes encoded on each of the two plasmids.  

It was further noticed that in all cases 3-HP production was only detected if lactate was either 

produced in comparably much higher concentrations or added to the medium. This might hint 

to an imbalanced flux within the established pathway leading to an accumulation of lactate. 

Explanations for this phenomenon cannot be supported by experimental evidence at this point, 

but it is very likely to be a matter of several different circumstances. First, CoA transferases 

very similar to the one used in this work from C. neopropionicum were shown to transfer CoA 

either from acetyl-CoA to D-lactate (Zhang et al., 2019) or with decreasing relative activities 

to propionate, 3-HP, 3-hydroxybutyrate, acrylate, succinate, lactate, butyrate, crotonate, 4-

hydroxybutyrate (Lindenkamp et al., 2013), or from propionyl-CoA with decreasing relative 

activities to propionate, (R)-lactate (D-lactate), butyrate, acrylate, (S)-lactate, succinate, (R)-2-

hydroxyglutarate, (E)-glutaconate, and fumarate (Schweiger and Buckel, 1984). However, a 

direct transfer and its efficiency from 3-HP-CoA to D-lactate was never shown so far, whereas 

the indirect transfer via acetyl-CoA (Lindenkamp et al., 2013; Zhang et al., 2019) as an 

intermediate might also be possible. On the other hand, it might also be possible that a CoA 

transfer from 3-HP-CoA to any other acid might be most efficiently inhibited by 3-HP itself, 

as it was noticed for the transfer of CoA from propionyl-CoA to acetate in the presence of 

propionate in C. propionicum (Schweiger and Buckel, 1984). 

The fate and dynamics of different CoA-esters within the cell are in general hard to distinguish, 

but the second factor influencing the phenomenon of the high lactate to 3-HP ratio obtained 

might be based on the activities and properties of the following two enzymes of the 3-HP 

pathway: the lactoyl-CoA dehydratase (Lcd) and the enoyl-CoA hydratase (Ehy, Figure 4). 

On the one hand, an advantage of the native acrylate pathway in C. propionicum over the 
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synthetic 3-HP pathway is that only by action of the acryloyl-CoA reductase (irreversible 

NADH-dependent formation of propionyl-CoA from acryloyl-CoA) together with the (R)-

lactate dehydrogenase (Hetzel et al., 2003), all reducing equivalents generated from the 

pyruvate:ferredoxin oxidoreductase and (S)-glutamate dehydrogenase reaction can be 

completely regenerated during the fermentation of alanine following the equation:  

3 ���';'	 + 2 �<= + �> + >9                  ?⎯⎯⎯A  ��	���	 + 2 ��$�;$'��	 + 3 ��B  + �1> +  C=< 

(Cardon and Barker, 1946; Johns, 1952; Schweiger and Buckel, 1984). A possible explanation 

of a low metabolic flux towards 3-HP leading to a high lactate to 3-HP ratio in recombinant 

3-HP production strains of A. woodii could therefore be based on the following likely 

synergetic effects: On the one hand, the lacking possibility and need for balancing the redox 

ratio during the formation of 3-HP from lactate might be an impeding factor. On the other 

hand, the metabolic flux towards 3-HP could be further inhibited by weak activities of the 

lactoyl-CoA dehydratase and the enoyl-CoA hydratase. However, the characterization of 

several reactions such as the influence of 3-HP-CoA on CoA transferase activities regarding 

other carboxylic acids, in addition to lactoyl-CoA dehydratase and the enoyl-CoA hydratase 

activities are very difficult to determine separately. This is mainly due to the fact that the 

presence of other 3-HP pathway enzymes in the constructed recombinant strains (respective 

enzymes are not present separately) as well as the commercial inaccessibility of compounds 

as 3-HP-CoA and lactoyl-CoA have an aggravating influence. However, presuming that the 

assumptions made regarding the calculations by Herrmann et al. (2005) regarding the 

equilibrium between chiral D-lactate (pK = 3.8) and achiral 3-HP (pK = 4.5) yielding an 

equilibrium constant Keq = 0.4 are correct, there is still room for improvement regarding 

maximum 3-HP yields within the herein established pathway (Herrmann et al., 2005).  

Nevertheless, for industrial applications demanding a product of high purity, the 3-HP 

production achieved with the recombinant strains of this work, and associated either with the 

production or with the incomplete consumption of lactate, can be considered a major drawback 

of the herein established pathway (Figure 4), since the state-of-the-art and most economic 

extraction methods suggested for 3-HP are identical to the techniques applied for lactate 

extraction (Moussa et al., 2016; de Fouchécour et al., 2018). This has to be considered because 

with a contribution between up to 40 % and 50 % to the overall production costs for bulk 

fermentation products (Wasewar et al., 2004; Straathof, 2011), a large proportion of the overall 

production costs is represented by downstream processes (de Fouchécour et al., 2018). This 

explains that for the economic feasibility of 3-HP production using recombinant A. woodii 

strains not only the productivity of the strains needs to be improved, but also the metabolic 

flux of the recombinant pathway has to be drastically pushed towards 3-HP while ideally also 
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improving the downstream processes to achieve a reliable and low cost separation of the two 

isomers 3-HP and lactate. 

IV.3. Alternative routes for lactate and 3-HP production 

The process of microbial lactate production via fermentation was first invented by Charles E. 

Avery in 1881 (Avery, 1881) and implemented in the first industrial production starting 

probably at some time in 1883 (Benninga, 1990). Since that time, lactate fermentation was 

thorougly investigated and the process refined leading to one of the highest reported 

concentrations (207 g/l ≙ 2.3 M) for D-lactate production using Sporolactobacillus sp. strain 

CASD growing with peanut meal and glucose as substrates (Wang et al., 2011). However, 

until today the feedstock for lactate production is still mainly focused on organic matter such 

as sugars, starch, and lignocellulose (Djukić-Vuković et al., 2019). Production of lactate in 

acetogenic bacteria such as Blautia producta, Moorella thermoacetica, 

Butyribacterium methylotrophicum, C. autoethanogenum, C. ljungdahlii, C. ragsdalei, and 

Eubacterium limosum was already reported before (Misoph and Drake, 1996; Drake and 

Daniel, 2004; Heiskanen et al., 2007; Köpke et al., 2011; Wade, 2015). However, highest 

concentrations (7.2 mM) were only obtained when using Blautia producta (former approved 

name Peptostreptococcus productus) using fructose as substrate (Misoph and Drake, 1996), 

whereas production from waste gas such as CO was only reported in traces for 

C. autoethanogenum, C. ljungdahlii, C. ragsdalei (0.1 to 0.2 mM; Köpke et al., 2011), and 

B. methylotrophicum (approximately 1 mM; Heiskanen et al., 2007). In addition, the metabolic 

engineering of M. thermoacetica by introduction of the lactate dehydrogenase gene from 

Thermoanaerobacter pseudethanolicus ATCC33223 led only to lactate production from 

fructose (6.8 mM) but not from CO2 + H2 (Kita et al., 2013).  

Other recombinant lactate production routes from CO2 reported all involve the use of 

cyanobacteria (Niederholtmeyer et al., 2010; Angermayr et al., 2012, 2014; Angermayr and 

Hellingwerf, 2013; Joseph et al., 2013; Varman et al., 2013; Li et al., 2015; Hasunuma et al., 

2016, 2018). The vast majority of articles cover the improvements towards metabolic 

engineering of cyanobacteria using heterologously expressed lactate dehydrogenases (Ldhs). 

Thus, the highest photoautotrophic production titers of over 20 mM L-lactate after 4 weeks of 

cultivation of Synechocystis sp. PCC6803 (Angermayr and Hellingwerf, 2013) with respect to 

the implementations of Ldhs are achieved with further improvement of productivity and 

carbon partitioning into lactic acid (Angermayr et al., 2014) and approx. 15 mM D-lactate after 

10 days of cultivation of Synechococcus elongatus PCC7942 (Li et al., 2015). Surprisingly, by 
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far the highest D-lactate titer (approx. 119 mM) is achieved using a recombinant Synechocystis 

sp. PCC6803 strain that was originally engineered for elevated succinate production via 

overexpression of phosphoenolpyruvate (PEP) carboxylase gene (ppc, sll0920) and by 

knocking out the acetate kinase gene (ackA, sll1299) (Hasunuma et al., 2016, 2018). Thus, the 

highest titer was achieved with the respective strain after 3 days of cultivation applying both 

an elevated cultivation temperature and elevated initial cell concentrations. Interestingly, the 

enzyme (or the encoding gene) responsible for the conversion of pyruvate into D-lactate was 

not mentioned in the respective work (Hasunuma et al., 2018).  

The autotrophic production of this work, however, reached lactate concentrations near the 

maximum of 10 to 11 mM already after approx. 5 days (Figure 13b and c; Figure 14b) and thus 

faster and in comparable concentrations to the best lactate-producing cyanobacteria 

heterologously expressing lactate dehydrogenase genes (Angermayr and Hellingwerf, 2013; 

Li et al., 2015).  

Looking to the future, it is more than likely that the interest in lactate production from 

sustainable, non-food feedstocks such as CO2, demonstrated with the autotrophic production 

within this work, will further increase due to the following facts: well established downstream 

processes for lactate fermentation are already existing (Wasewar et al., 2004), as well as the 

applications for lactate are manifold: in the food industry as a preservative, in the leather and 

textile industry, in metal plating and cleaning, in the manufacture of paints and inks, in the 

cosmetic industry (Starr and Westhoff, 2014), for the production of biodegradable and 

biocompatible polymers (Anderson and Shive, 1997; Garlotta, 2001; Tyler et al., 2016) and 

also for the production of the high-value building block acrylic acid due to recent promising 

catalytic data regarding the chemical dehydration of lactic acid (Makshina et al., 2019). 

 

In contrast to the numerous heterotrophic routes (for detailed information see recent reviews 

Kumar et al., 2013; Matsakas et al., 2018), until today only little was reported regarding the 

recombinant autotrophic production of 3-HP. Table 18 lists the scientific progress that has 

been made in the recent past in relation to the recombinant autotrophic production of 3-HP 

resulting in the highest 3-HP concentration of 9.3 mM from photoautotrophic production using 

the cyanobacterium Synechocystis sp. PCC 6803 (Wang et al., 2016).  
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Table 18: Reports on recombinant 3-HP production under autotrophic conditions 

Organism Carbon 
source 

Key enzymes Maximum 
titer 

Reference 

Clostridium 

autoethanogenum and 

Clostridium 

ljungdahlii 

CO 

and/or 

CO2 

Malonyl-CoA 

reductase and acetyl-

CoA carboxylase 

n.a. 
Köpke and 

Chen, 2013 

Synechococcus 

elongatus PCC 7942 
NaHCO3 

Malonyl-CoA 

reductase (mono-

functional) and 

malonate semialdehyde 

reductase 

665 mg/l 

(≙ 7.4 mM) 

Lan et al., 

2015 

Phosphoenolpyruvate 

carboxylase, aspartate 

aminotransferase; 

aspartate 

decarboxylase, 

β-alanine 

aminotransferase, 

malonate semialdehyde 

reductase 

186 mg/l 

(≙ 2.1 mM) 

Synechocystis sp. 

PCC 6803 
NaHCO3 

Malonyl-CoA 

reductase, acetyl-CoA 

carboxylase, 

biotinilase, NAD(P)+ 

transhydrogenase 

837 mg/l 

(≙ 9.3 mM) 

Wang et al., 

2016 

 n.a.: not available 

 

Besides the listed literature on autotrophic 3-HP production (Table 18) there are several studies 

existing reporting a CO2-based 3-HP production using recombinant strains of the 

hyperthermophilic archaeon Pyrococcus furiosus resulting in maximum 3-HP titers of 0.6, 3.1, 

and 4.1 mM, respectively (Keller et al., 2013; Hawkins et al., 2015; Lian et al., 2016). Since 

P. furiosus, however, was cultured in all cases using 5 g/l maltose as carbon source (Keller et 

al., 2013; Hawkins et al., 2015; Lian et al., 2016), all three reports do not qualify as autotrophic 

3-HP production and are thus not included in (Table 18). Nevertheless, most of the reported 

maximum 3-HP titers mentioned above are higher than the maximum concentration obtained 

in this work (1.8 mM; heterotrophic growth and conversion of supplemented lactate; 

Figure 16). Furthermore, the utilization of the malonyl-CoA pathway has to be considered as 

the most striking commonality within all the reported studies (Keller et al., 2013; Köpke and 

Chen, 2013; Hawkins et al., 2015; Lan et al., 2015; Lian et al., 2016; Wang et al., 2016). The 

fact that the key enzyme, malonyl-CoA reductase, of this pathway uses the cofactor NADPH 

instead of NADH is seen as an important drawback of this pathway (Kumar et al., 2013). This 
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strict NADPH dependence of the malonyl-CoA reductase (Kumar et al., 2013) was also the 

reason why the malonyl-CoA pathway was not further considered for 3-HP production in 

A. woodii. This argument is substantiated with the fact that in contrast to C. autoethanogenum 

and C. ljungdahlii A. woodii possesses neither an electron-bifurcating and NADP+-dependent 

[FeFe]-hydrogenase (Hyt) nor “an electron-bifurcating and ferredoxin-dependent 

transhydrogenase (Nfn)” allowing the production of NADPH from H2 or from reduced 

ferredoxin and NADH, respectively (Wang et al., 2013; Mock et al., 2015, p. 2967). 

However, while further improvements are still needed in terms of selectivity and titer 

concentration in order to compete with already existing autotrophic 3-HP production routes 

(Table 18) and industrial demands (Werpy and Petersen, 2004), it was demonstrated in this 

work that a connection of the Wood-Ljungdahl pathway to the artificial 3-HP production 

pathway (Figure 4) is feasible. The latter was most effectively confirmed via autotrophic 

production of lactate (Figure 13b and c; Figure 14b) in combination with conversion of lactate 

into 3-HP under autotrophic conditions (Figure 17c) and via autotrophic 3-HP production 

using a two plasmids harboring strain (Figure 22c). Hence, the connection of the Wood-

Ljungdahl pathway to the artificial 3-HP production pathway allowed the autotrophic 

production of 3-HP from CO2 representing the major advantage of this approach since it uses 

a low-cost waste compound as substrate while making a contribution to the reduction of 

greenhouse gas output to the atmosphere (Bengelsdorf et al., 2018; Sun et al., 2019).  
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V. Summary  

The overall goal of this work was the production of 3 hydroxypropionate (3-HP) from CO2 + 

H2 using recombinant strains of Acetobacterium woodii. To accomplish the main goal via 

establishment of a lactate-converting 3-HP production pathway, the implementation of 

inducible promoter systems and the production of lactate were considered as corresponding 

milestones of this work.  

The codon-optimized mCherryOpt-encoding red fluorescent protein mCherry showed no 

feasibility as a reporter gene for promoter studies in A. woodii. In contrast, the 

β-glucuronidase-encoding gusA gene was successfully established as a reporter system and 

used to demonstrate the activity of the (inducible) promoters Pfac (IPTG), PbgaL (lactose), 

PackA-theo (theophylline), Ptet (anhydrotetracycline) and Ppta-ack (III.1.2). Tight regulation and 

inducibility was warranted using the tetracycline-inducible promoter system Ptet as well as the 

designed PackA-theo promoter system. The tetracycline-inducible promoter system Ptet was 

successfully used for the creation of recombinant lactate and 3-HP production strains of 

A. woodii. In addition, the native lactate metabolism had to be circumvented since lactate 

production from CO2 + H2 was only viable when A. woodii ΔpyrE ΔlctBCD was used as a 

chassis instead of the wild type strain.  

Hence, A. woodii ΔpyrE ΔlctBCD was metabolically engineered to produce lactate via 

transformation (III.2.1) using lactate-synthesis plasmids harboring a gene encoding a D-lactate 

dehydrogenase (ldhD) alone or in combination with the pyruvate:ferredoxin oxidoreductase 

encoding gene (nifJ). Under autotrophic conditions, highest lactate concentrations were 

recorded when using A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_ldhD_LM], 

A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_nifJ_ldhD], and A. woodii ΔlctBCD ΔpyrE::pyrE-

Ptet-ldhD, producing 10.6, 10.1, and 10.2 mM lactate, respectively (III.2.2.2). Under 

heterotrophic conditions, highest yields of 1.22, 1.10, and 0.90 mole lactate per mole fructose 

were recorded using A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_nifJ_ldhD], 

A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_nifJCl_ldhD], and 

A. woodii ΔlctBCD ΔpyrE::pyrE-Ptet-ldhD, respectively. In addition, the production with 

A. woodii ΔlctBCD ΔpyrE::pyrE-Ptet-ldhD is the first demonstration of a recombinant 

production strain of A. woodii whose production is due to heterologous gene expression on the 

chromosomal level (III.2.1 and III.2.2). Some recombinant A. woodii ΔpyrE ΔlctBCD strains 

showed depletion of lactate when high amounts of lactate were produced under heterotrophic 

conditions. This phenomenon was suspected to be explained by the thermodynamics of the 

lactate dehydrogenase reaction and the intracellular pyruvate/lactate ratio (IV.2.1.1).  
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Genes encoding key enzymes of the acrylate pathway and the synthetic 3-HP production 

pathway were identified via whole genome sequencing of the strains 

Clostridium homopropionicum LuHBu1 (DSM 5847) and Clostridium neopropionicum X4 

(DSM 3847) (III.3.1).  

A. woodii ΔpyrE ΔlctBCD was metabolically engineered to produce 3-HP from lactate via 

transformation using 3-HP synthesis plasmids harboring genes encoding the lactoyl-CoA 

dehydratase (lcdCAB), propionyl-CoA transferase (pct) and the codon-optimized version of 

Caur_0101 encoding the enoyl-CoA hydratase (ehy_opt; Supplement Sequence 1). Neither the 

production of enoyl-CoA hydratase (Ehy) nor lactate conversion into 3-HP were noticed using 

the non-optimized Ehy-encoding gene ehy (Caur_0101). A. woodii ΔpyrE ΔlctBCD 

[pMTL83151_Ptet_LPE_opt] produced highest 3-HP concentrations of 1.8 and 0.9 mM 

growing under heterotrophic and autotrophic conditions, respectively (III.3.2).  

As one possibility to enable 3-HP production without supplementation of lactate, the two-

plasmid system conceptualized in this work for A. woodii and realized by Flaiz (2018) was for 

the first time successfully established for pathway engineering of A. woodii. This was shown 

by creation of A. woodii ΔpyrE ΔlctBCD strains harboring pMTL83151_Ptet_LPE_opt and 

either pMTL82251_Ptet_ldhD_LM, pMTL82251_Ptet_nifJ_ldhD, or 

pMTL82251_Ptet_nifJCl_ldhD (III.3.3.1).  

Thus, A. woodii ΔpyrE ΔlctBCD was metabolically engineered to produce 3-HP without 

supplementation of lactate via transformation using either one or two 3-HP synthesis plasmids 

harboring the genes (nifJ), ldhD, lcdCAB, pct and either ehy_opt or phaJ (also Ehy-encoding). 

Some of the resulting strains growing under autotrophic conditions produced traces 

(< 0.5 mM) of 3-HP below the quantification limit (III.3.3). Under heterotrophic conditions, 

the highest and quantifiable concentration of 3-HP produced without supplementation of 

lactate was 0.8 mM. This was achieved using A. woodii ΔpyrE ΔlctBCD 

[pMTL83151_Ptet_3-HP_opt] (III.3.3.2).  

By production of lactate (III.2) and conversion of lactate into 3-HP both under autotrophic 

conditions (III.3.2) as well as by production of traces of 3-HP under autotrophic conditions 

without supplementation of lactate (III.3.3), it was successfully demonstrated that the 

connection of the Wood-Ljungdahl pathway to the synthetic lactate-converting 3-HP 

production pathway is feasible. 
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VI. Zusammenfassung  

Das Hauptziel dieser Arbeit war die Herstellung von 3-Hydroxypropionat (3-HP) mit 

rekombinanten Acetobacterium woodii-Stämmen. Für das Erreichen dieses Ziels und die 

damit verbundene Etablierung eines lactatumwandelnden 3-HP-Syntheseweges 

kristallisierten sich die Implementierung induzierbarer Promotorsysteme sowie die Produktion 

von Lactat als wichtige und erforderliche Meilensteine dieser Arbeit heraus.  

Die Verwendung des codon-optimierten mCherryOpt als Reportergen, welches das rot 

fluoreszierende Protein mCherry kodiert, erwies sich als nicht praktikabel für den Einsatz in 

Promoterstudien mit A. woodii. Im Gegensatz dazu konnte durch Verwendung des gusA-Gens, 

welches die β-Glucuronidase kodiert, erfolgreich ein Reportersystem etabliert werden und 

somit die Aktivität (und Induzierbarkeit) der Promotoren Pfac (IPTG), PbgaL (Lactose), PackA-theo 

(Theophyllin) Ptet (Anhydrotetracyclin) und Ppta-ack nachgewiesen werden (III.1.2). Eine starke 

Regulierung und Induzierbarkeit wurde mit dem tetracyclininduzierbaren Promotersystem Ptet 

sowie mit dem konstruierten PackA-theo-Promotersystem, gewährleistet. Das 

tetracyclinininduzierbare Promotersystem Ptet wurde erfolgreich für die Herstellung 

rekombinanter Lactat- und 3-HP-Produktionsstämme von A. woodii eingesetzt. Außerdem 

musste der natürliche Lactatmetabolismus umgangen werden, da eine Lactatproduktion aus 

CO2 + H2 nur möglich war, wenn als genetischer Hintergrund der Stamm 

A. woodii ΔpyrE ΔlctBCD anstelle des Wildtyps verwendet wurde.  

Somit wurden Lactatsynthese-Plasmide, auf denen eine D-Lactatdehydrogenase (ldhD) allein 

oder in Kombination mit einer Pyruvat:Ferredoxinoxidoreduktase (nifJ) kodiert ist, 

verwendet, um A. woodii ΔpyrE ΔlctBCD zu transformieren und dadurch den Metabolismus 

für die Lactatproduktion zu verändern (III.2.1). Die höchsten Lactatkonzentrationen, die unter 

autotrophen Bedingungen produziert wurden, lagen bei 10,6, 10,1 und 10,2 mM. Diese wurden 

entsprechend mit den Stämmen A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_ldhD_LM], 

A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_nifJ_ldhD] und A. woodii ΔlctBCD ΔpyrE::pyrE-

Ptet-ldhD erzielt (III.2.2.2). Unter heterotrophen Bedingungen wurden die besten Ausbeuten 

von 1,22, 1,10 und 0,90 Mol Lactat pro Mol Fructose entsprechend mit 

A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_nifJ_ldhD], A. woodii ΔpyrE ΔlctBCD 

[pJIR750_Ptet_nifJCl_ldhD] und A. woodii ΔlctBCD ΔpyrE::pyrE-Ptet-ldhD erfasst. Des 

Weiteren ist der lactatproduzierende Stamm A. woodii ΔlctBCD ΔpyrE::pyrE-Ptet-ldhD der 

erste Nachweis eines rekombinanten Produktionsstammes von A. woodii, dessen Produktion 

auf die heterologe Genexpression auf chromosomaler Ebene zurückzuführen ist (III.2.1 und 

III.2.2). Wenn unter heterotrophen Bedingungen hohe Mengen an Lactat produziert wurden, 
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zeigten einige rekombinante A. woodii ΔpyrE ΔlctBCD-Stämme eine zeitliche Abnahme des 

Lactats. Es wird vermutet, dass dieses Phänomen durch die Thermodynamik der 

Lactatdehydrogenase-Reaktion in Verbindung mit dem intrazellulären Pyruvat-Lactat-

Verhältnis erklärt werden kann (IV.2.1.1).  

Gene, die Schlüsselenzyme des Acrylatweges und des synthetischen 3-HP-Synthesewegs 

kodieren, wurden durch die vollständige Genomsequenzierung der Stämme Clostridium 

homopropionicum LuHBu1 (DSM 5847) sowie von Clostridium neopropionicum X4 (DSM 

3847) identifiziert (III.3.1).  

Somit wurde ein 3-HP-Synthese-Plasmid, auf dem eine Lactoyl-CoA-Dehydratase (lcdCAB), 

Propionat CoA-Transferase (pct) und Enoyl-CoA-Hydratase (ehy_opt als codonoptimierte 

Version von Caur_0101; Supplement Sequence 1) kodiert sind, hergestellt und verwendet, um 

A. woodii ΔpyrE ΔlctBCD zu transformieren. Die erfolgreiche Transformation mit diesem 

Plasmid ermöglichte die 3-HP-Synthese aus Lactat. Weder die Produktion der Enoyl-CoA-

Hydratase (Ehy) noch die Umsetzung von Lactat in 3-HP konnten unter Verwendung des nicht 

codonoptimierten Ehy-kodierenden Gens ehy (Caur_0101) nachgewiesen werden. 

A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_LPE_opt] zeigte hingegen eine 3-HP-

Produktion aus Lactat mit höchsten Konzentrationen von 1,8 mM unter heterotrophen bzw. 

0,9 mM 3-HP und autotrophen Bedingungen (III.3.2).  

Als eine Möglichkeit, eine 3-HP-Produktion ohne Zugabe von Lactat zu bewerkstelligen, 

wurde das in dieser Arbeit für A. woodii konzipierte und von Flaiz (2018) realisierte Zwei-

Plasmid-System erstmals für das sogenannte „Pathway Engineering“ von A. woodii eingesetzt. 

Dies wurde durch die Herstellung von A. woodii ΔpyrE ΔlctBCD-Stämmen, die das Plasmid 

pMTL83151_Ptet_LPE_opt und als zweites Plasmid entweder pMTL82251_Ptet_ldhD_LM, 

pMTL82251_Ptet_nifJ_ldhD oder pMTL82251_Ptet_nifJCl_ldhD tragen, gezeigt (III.3.3.1). 

Der Stoffwechsel von A. woodii ΔpyrE ΔlctBCD wurde schließlich durch das Einbringen der 

Gene (nifJ), ldhD, lcdCAB, pct und entweder ehy_opt oder phaJ (ebenfalls Ehy-kodierend) für 

die Synthese von 3-HP ohne Zugabe von Lactat abgeändert. Für den Transfer der Gene wurden 

dabei entweder ein oder zwei koexistierende 3-HP-Produktionsplasmide verwendet. Ein Teil 

der resultierenden Stämme zeigte unter autotrophen Wachstumsbedingungen eine Produktion 

von Spuren (< 0,5 mM) von 3-HP unterhalb der Quantifizierungsgrenze. Unter heterotrophen 

Wachstumsbedingungen lag die höchste, quantifizierbare Konzentration an 3-HP, die ohne 

Zugabe von Lactat produziert wurde, bei 0,8 mM. Diese wurde mit dem Stamm 

A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_3-HP_opt] erzielt (III.3.3.2).  

  



 
110 VI. Zusammenfassung 

Schlussendlich wurde auf zwei verschiedene Arten gezeigt, dass die Verknüpfung des Wood-

Ljungdahl-Weges mit dem synthetischen, lactatumwandelnden 3-HP-Syntheseweg 

realisierbar ist: Zum einen durch die Produktion von Lactat (III.2) in Verbindung mit der 

Umwandlung von Lactat in 3-HP jeweils unter autotrophen Bedingungen (III.3.2) und zum 

anderen durch die autotrophe Produktion von Spuren von 3-HP ohne die Zugabe von Lactat 

(III.3.3). 
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Figure 26: Growth, pH, fructose consumption, and product spectrum of fermentation of 
A. woodii ΔpyrE ΔlctBCD (a; �), A. woodii ΔpyrE ΔlctBCD [pJIR750] (a; �), A. woodii ΔpyrE ΔlctBCD

[pJIR750_Ptet_ldhD_LM] (b; �, �) and A. woodii ΔpyrE ΔlctBCD [pJIR750_Ptet_nifJ_ldhD] (c; , �) 
cultured in mod. DSMZ medium 135 under heterotrophic conditions with fructose. The time of induction 
of Ptet-carrying strains using 300 ng/ml anhydrotetracycline (atc) is indicated with a vertical solid line; filled 
symbols (�, �) represent induced strains, empty symbols (�, ) non-induced strains. Black, OD600; green,
pH; gray, fructose consumption; blue, acetate production; orange, lactate production; error bars indicate the 
standard deviation within biological triplicates. 
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Figure 27: Verification of two plasmids being simultaneously present in recombinant 
A. woodii ΔpyrE ΔlctBCD strains a: DNA fragments of pMTL83151_Ptet_LPE_opt together with a 
second plasmid after analytical restriction enzyme digestion using EcoRV and SalI and gel 
electrophoresis (0.8 % (w/v) agarose gel). 1-6, plasmid DNA isolated directly from the respective 
recombinant A. woodii ΔpyrE ΔlctBCD strain; 7-10 plasmid DNA isolated from E. coli DH5α; 1+2,
pMTL83151_Ptet_LPE_opt + pMTL82251_Ptet_nifJCl_ldhD; 3+4, pMTL83151_Ptet_LPE_opt + 
pMTL82251_Ptet_ldhD_LM; 5+6, pMTL83151_Ptet_LPE_opt + pMTL82251_Ptet_nifJ_ldhD; 7, 
pMTL82251_Ptet_ldhD_LM; 8, pMTL82251_Ptet_nifJ_ldhD; 9, pMTL82251_Ptet_nifJCl_ldhD; 10, 
pMTL83151_Ptet_LPE_opt; expected fragments, pMTL83151_Ptet_LPE_opt, 2885 + 2653 + 5282 bp; 
pMTL82251_Ptet_nifJCl_ldhD, 10506 bp; pMTL82251_Ptet_ldhD_LM, 6994 bp; pMTL82251_Ptet_nifJ_ldhD, 
10518 bp. (b) DNA fragments of pMTL82251_Ptet_nifJ_ldhD, pMTL82251_Ptet_nifJCl_ldhD, and 
pMTL82251_Ptet_ldhD_LM after analytical restriction enzyme digestion (SalI and NheI) and gel 
electrophoresis (0.8 % (w/v) agarose gel). 1, 3-6, 8-11, plasmid DNA isolated from different cultures of E. 

coli DH5α which were growing in the presence of 250 µg/ml erythromycin and previously transformed using 
plasmid DNA from the respective recombinant A. woodii ΔpyrE ΔlctBCD strain harboring two plasmids. 2, 7, 
12, control plasmid DNA isolated from E. coli DH5α; 1+2, pMTL82251_Ptet_ldhD_LM; 3-7, 
pMTL82251_Ptet_nifJCl_ldhD; 8-12, pMTL82251_Ptet_nifJ_ldhD; expected fragments, 
pMTL82251_Ptet_ldhD_LM, 838 + 6164 bp; pMTL82251_Ptet_nifJ_ldhD, 4354 + 6164 bp; 
pMTL82251_Ptet_nifJCl_ldhD, 4342 + 6164 bp; M, GeneRulerTM DNA Ladder Mix. 
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Figure 28: HPLC analysis of the isomers 3-HP and lactate using the signals of the refractive index detector
(RID). (a) Signal from 3 mM external standards (ESTDs). (b) Signal from supernatant of 
A. woodii ΔpyrE ΔlctBCD [pMTL83151_MCS] cultured in mod. DSMZ medium 135 under heterotrophic 
conditions with 43mM fructose as carbon and energy source after 72h cultivation. (c) Solution containing 2mM 
3-HP and 30mM lactate for quantification test using ESTDs. (d) Signal from supernatant of
A. woodii ΔpyrE ΔlctBCD [pMTL83151_Ptet_3-HP_opt] cultured in mod. DSMZ medium 135 under 
heterotrophic conditions with 43mM fructose as carbon and energy source after 72h of cultivation. (e) Detailed 
view of c (blue) and d (orange). (f) Signal from supernatant of A. woodii ΔpyrE ΔlctBCD

[pMTL83151_Ptet_LPE_opt] cultured in mod. DSMZ medium 135 under heterotrophic conditions with 43mM 
fructose as carbon and energy source supplemented with 50 mM D,L-lactate after 120h of cultivation. nRIU, nano 
refractive index units.  
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Sequence 1: The gene ehy_opt (777 bp) is a (for A. woodii) codon-optimized version of Caur_0101 

encoding the enoyl-CoA hydratase from Chloroflexus aurantiacus.  

 

        1 ATGTCAGAAG AATCATTAGT TTTATCAACA ATTGAAGGAC CAATTGCAAT TTTAACATTA 

       61 AATAGACCAC AAGCATTAAA TGCATTATCA CCAGCATTAA TTGATGATTT AATTAGACAT 

      121 TTAGAAGCAT GTGATGCAGA TGATACAATT AGAGTTATTA TTATTACAGG AGCAGGAAGA 

      181 GCATTTGCAG CAGGAGCAGA TATTAAAGCA ATGGCAAATG CAACACCAAT TGATATGTTA 

      241 ACATCAGGAA TGATTGCAAG ATGGGCAAGA ATTGCAGCAG TTAGAAAACC AGTTATTGCA 

      301 GCAGTTAATG GATATGCATT AGGAGGAGGA TGTGAATTAG CAATGATGTG TGATATTATT 

      361 ATTGCATCAG AAAATGCACA ATTTGGACAA CCAGAAATTA ATTTAGGAAT TATTCCAGGA 

      421 GCAGGAGGAA CACAAAGATT AACAAGAGCA TTAGGACCAT ATAGAGCAAT GGAATTAATT 

      481 TTAACAGGAG CAACAATTTC AGCACAAGAA GCATTAGCAC ATGGATTAGT TTGTAGAGTT 

      541 TGTCCACCAG AATCATTATT AGATGAAGCA AGAAGAATTG CACAAACAAT TGCAACAAAA 

      601 TCACCATTAG CAGTTCAATT AGCAAAAGAA GCAGTTAGAA TGGCAGCAGA AACAACAGTT 

      661 AGAGAAGGAT TAGCAATTGA ATTAAGAAAT TTTTATTTAT TATTTGCATC AGCAGATCAA 

      721 AAAGAAGGAA TGCAAGCATT TATTGAAAAA AGAGCACCAA ATTTTTCAGG AAGATAA 
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