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1 Introduction

1.1 Gene transfer into the acetogen Clostridium aceticum

Extreme weather situations, climate conferences, and global warming are steady hot top-
ics in the news clearly pointing towards great challenges for today's industry and society,
i.e. reducing Green House Gas emission, while guaranteeing ongoing production of chemi-
cals and fuels. This is of special importance since petrochemical-based production of fuels
and chemicals not only pollute our environment, but fossil fuel resources are �nite on earth
(Dürre & Eikmanns 2015). These problems were addressed by fermenting sugars to produce
�rst generation biofuels. However, this type of fermentation has major drawbacks: (1) com-
petitive situation with the production of food by using sugar-based substrates (Naylor et al.
2007; Bailey 2008), (2) release of previously �xed CO2 from carbon sinks such as rainforests,
peatlands, savannas, or grasslands (Fargione et al. 2008), (3) nitrogen oxide emission from
extensive use of nitrogen-based fertilizers (Melillo et al. 2009; Crutzen et al. 2016). In con-
trast, C. aceticum is able to metabolise CO2 and CO from gaseous waste streams and, thus,
may be used in microbial gas fermentation processes to produce second generation biofuels.
Further approaches to gain second generation biofuels are lignocellulosic fermentation and
chemical synthesis via the Fischer-Tropsch process. All three techniques are independent
of feedstocks also used in food production, as lignocellulosic biomass such as forestry crops,
perennial grasses, and agricultural residues and/or industrial waste gases are utilised (Naik
et al. 2010). Although such biomass is abundant, extensive use would lead to an increased
demand of agricultural land and release of CO2 from carbon sinks as well. Moreover, ligno-
cellulosic fermentation needs extensive and biomass-speci�c pretreatment to utilise lignin,
which equates to 25 % - 35 % of the total energy content of lignocellulosic biomass (Mosier
et al. 2005; Mabee et al. 2006; Taherzadeh et al. 2008; Sims et al. 2010). In contrast,
gasi�cation of biomass into synthesis gas (syngas), required for Fischer-Tropsch and gas
fermentation processes, allows utilisation of all contents, including lignin, irrespective of
the source of biomass (Munasinghe & Khanal 2010). Syngas and industrial waste gases
are converted to biofuels via the Fischer-Tropsch process by applying high temperature in
the presence of a metal catalyst (Dry 2002). However, this approach requires a certain
gas quality and composition. Consequently, pretreatment steps, such as puri�cation of the
gases, account for 60 % - 70 % of the total costs (Dry 2002; van Steen & Claeys 2008).
Gas fermentation is less demanding and can even use gasi�ed municipal waste, which is
broadly abundant, while being �exible, selective, and robust (Munasinghe & Khanal 2010;
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1 Introduction

Abubackar et al. 2011). Altogether, microbial gas fermentation is a promising second gen-
eration biofuel production approach and might be part of a solution for environmental
challenges. One company aware of the possibilities and advantages of gas fermentation is
LanzaTech NZ Ltd. (Skokie, IL, USA), which recently started the �rst commercial waste
gas to ethanol plant in China (Burton 2018). From an economical point of view, high value
chemicals produced by e�cient gas fermentation is the way to go. Therefore, metabolic
engineering of bacterial production strains is inevitable. Consequently, genetic accessibility
is required for C. aceticum in order to become an industrial workhorse.
Carbon �xation via gas fermentation is anaerobically realised by acetogenic bacteria such as
C. aceticum. This group of bacteria was originally de�ned by Drake (1994) as follows: "an
anaerobe that can use the acetyl-CoA pathway as a (1) mechanism for the reductive syn-
thesis of acetyl-CoA from CO2, (2) terminal electron-accepting, energy-conserving process,
and (3) mechanism for the �xation (assimilation) of CO2 in the synthesis of cell carbon".
The acetyl-CoA pathway, also known as Wood-Ljungdahl pathway (WLP), might be one
of the �rst synthesis pathways evolved on earth (Russell & Martin 2004). The biochemical
reactions are well described (Wood 1991; Drake et al. 2006), together with detailed analy-
sis of most enzymes involved in the WLP (Wang et al. 2013; Schuchmann & Müller 2014;
Bertsch et al. 2015; Mock et al. 2015). The WLP does not lead to net ATP gain, if CO2

is �xed and acetate produced, which is the main metabolic route of most acetogens (Ben-
gelsdorf et al. 2018). Hence, other enzymes are involved in ATP generation. It is suggested
to group acetogens according to the applied mechanism of autotrophic energy conserva-
tion being either depended on an RNF (from Rhodobacter nitrogen fixation) complex or
an energy-converting hydrogenase (ECH) complex (Schuchmann & Müller 2014). Both
mechanism are based on an ion gradient across the membrane, which is used by an ATPase
to produce ATP. While the ECH complex pumps only H+ out of the cell (Schuchmann &
Müller 2014), RNF containing acetogens can be subdivided into two groups depending on
the ions used to establish the chemiosmotic gradient. On the one hand, acetogens such as
Acetobacterium woodii utilise a Na+ gradient coupled with the respective Na+-dependent
ATPase (Hess et al. 2013). On the other hand, H+ can be used by acetogenic bacteria such
as C. ljungdahlii (Tremblay et al. 2013). The acetogen C. aceticum presumably belongs to
the RNF containing group using a H+ gradient for energy conservation (Mayer & Weuster-
Botz 2017).
The history of acetogens began 1932 with the �rst reported anaerobic bacterial conversion
of H2 + CO2 to acetate (Fischer et al. 1932) followed by the �rst isolation and description
of the acetogenic bacterium C. aceticum (Wieringa 1936; Wieringa 1938). Unfortunately,
the original isolates got lost during World War II until approx. 35 years later, when Adamse
(1980) successfully reisolated C. aceticum and Braun et al. (1981) managed to revive the
organism from a rediscovered test tube with spores prepared in dried soil (Gottschalk &
Braun 1981). During these years, Moorella thermoacetica and A. woodii became model
organisms to investigate the acetogenic life-style (Fontaine et al. 1942; Balch et al. 1977).
Later, further industrial relevant acetogens such as C. ljungdahlii, C. autoethanogenum, and

2



1.1 Gene transfer into the acetogen Clostridium aceticum

C. coskatii stood in the focus of research (Bengelsdorf et al. 2018). Although C. aceticum is
well known as the �rst isolated acetogen, it was more or less overlooked since the reisolation,
hence, standard protocols for growth, metabolic engineering, etc. are not optimised, roughly
adapted from model organisms, or simply not available. This is tragic as C. aceticum might
have a lot to o�er, especially in the light of energetic constrains. The autotrophic acetogenic
metabolism is "at the thermodynamic limit of life" (Schuchmann & Müller 2014) leading to
constraints especially in the production of higher value chemicals (Latif et al. 2014; Bertsch
& Müller 2015). Experimental evidence of cytochromes in C. aceticum cells was provided
by Braun (1981) and genome analysis revealed the respective synthesis pathway, however,
genes required for quinone synthesis were not found (Poehlein et al. 2015). One way to
elucidate the role of cytochromes in C. aceticum is the construction of respective knock-out
mutants, which requires genetic accessibility. Moreover, the presence of cytochromes might
be a target for metabolic engineering in order to overcome these energetic constrains and
produce high value chemicals from syngas.
Metabolic engineering is generally referred to as "the targeted and purposeful alteration
of metabolic pathways found in an organism in order to better understand and utilise
cellular pathways for chemical transformation, energy transduction, and supramolecular
assembly" (Lessard 1996), which is especially important for strain development in general
and with respect to biofuel production (Kumar & Prasad 2011). Genetic accessibility of
the organism is a prerequisite for metabolic engineering, but so far limited to only a few
of the 61 known acetogens (Schiel-Bengelsdorf & Dürre 2012; Bengelsdorf et al. 2018).
Plasmid-based metabolic engineering of the acetogens A. woodii and C. ljungdahlii yielded
recombinant strains able to produce acetone and butanol, respectively, which are not natu-
rally produced by the corresponding host cells (Köpke et al. 2010; Ho�meister et al. 2016).
Furthermore, methods to achieve chromosomal deletions and insertions, such as ClosTron,
allele-coupled exchange (ACE), and recently CRISPR/Cas were developed for Clostridium
strains (Heap et al. 2007; Heap et al. 2012; Huang et al. 2016; Nagaraju et al. 2016).
As of today, no reproducible standard protocol for genetic modi�cation of C. aceticum has
been published in a peer-reviewed scienti�c article. However, recently a patent described
successful conjugation following a similar strategy as was done in this study (Scotcher &
Wells 2018). Genetic accessibility of C. aceticum is a prerequisite for every metabolic
engineering approach, independent of the goal being either for basic science, such as eluci-
dating the role of cytochromes with repect to the acetogenic life-style, or in order to gain
an industrial relevant production strain for biofuels. There are two major obstacles to sys-
tematically develop a high e�cient transformation or conjugation protocol: (1) a procedure
conferring at least a low amount of recombinant cells to start with and (2) a method to
evaluate the e�ciency of di�erent approaches. The �rst obstacle is addressed by testing
available gene transfer protocols, preferentially of phylogenetically related strains. While
this is the most promising approach to �nd a suitable protocol for the organism of interest,
these procedures are most often optimised for one speci�c strain and not applicable to a
broad range of di�erent species (Pyne et al. 2014a). Changing transformation parameters,
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1 Introduction

such as time point of cell harvest, bu�er conditions, regeneration procedure, etc. do not
necessarily gain recombinant strains. Subsequently, no statement regarding e�ectiveness of
the respective change can be formulated. Consequently, while testing another condition,
the previous changes need to be tested again, which leads to an exponential increase of
attempts to cover all eventualities. Assuming that a suitable protocol is found, the second
obstacle becomes relevant. Since metabolic engineering, especially chromosomal insertions
and deletions, typically require high transformation e�ciencies, the gene transfer procedure
needs to be adapted to suit the respective host. Thereby, the evaluation of gene transfer
e�ciency is a prerequisite. Usually this is realised by plating recombinant cells on selective
solid agar medium, counting colony forming units (cfu), and calculating the respective ef-
�ciency. However, growth of C. aceticum on solid media raised further challenges, which
were dealt with during this study. After systematic approaches to develop a gene transfer
protocol for C. aceticum, the �rst obstacle was taken and the resulting procedure was even
applicable for the close relative Clostridium formicaceticum. The second obstacle was also
addressed during this study by ruling out inappropriate conditions concerning solid media
preparation for C. aceticum and suggesting a way for further development.

1.2 Oxford Nanopore Sequencing

The era of sequencing actually began in the early 1950s with insulin as the �rst sequenced
biopolymer leading to Frederick Sanger's �rst Nobel Prize (Sanger 1958). In the 1960s,
the �rst nucleic acid sequence of the alanine tRNA, with a length of 76 nucleotides, was
resolved within three years and with 1 g RNA isolated from 140 kg yeast cells (Holley et al.
1965). Wu & Kaiser (1968) sequenced the �rst DNA via primer extension experiments and
resolved twelve bases in the cohesive ends of bacteriophage lambda DNA. approx. ten years
later, Sanger et al. (1977b) introduced the chain-termination technique for DNA sequenc-
ing, while Maxam & Gilbert (1977) developed a method to sequence DNA by partially
breaking terminal labelled DNA. The DNA sequence is then resolved by polyacrylamide
gel electrophoresis to determine DNA fragment sizes in both approaches (Maniatis et al.
1975). However, with the introduction of shotgun sequencing (Staden 1979) and the au-
tomation of sequencing (Smith et al. 1986), Sanger sequencing became the workhorse of
the Human Genome Project and the synonym for �rst generation sequencing (Venter et
al. 2001). Such big sequencing projects encourage scientists and industry to develop new
methods (Sawicki et al. 1993) and seem to be connected to the development of new gener-
ations of sequencing technologies. The second or next generation of sequencing (NGS) is
tightly connected to the 1,000 genomes project (1000 Genomes Project Consortium 2010;
The 1000 Genomes Project Consortium 2012; 1000 Genomes Project Consortium 2015),
which was joined by the three major NGS companies 454 Life Sciences (a Roche company,
Branford, CT, USA), Applied Biosystems (a Thermo Fisher Scienti�c company, Waltham,
MA, USA), and Illumina Inc. (former Solexa, San Diego, CA, USA) (Spencer 2015). All

4



1.2 Oxford Nanopore Sequencing

NGS devices enabled massive parallel sequencing of DNA and are based on sequencing by
synthesis or ligation (Shendure et al. 2017). The concept of pyrosequencing was proposed
by Hyman (1988). Thereby, the release of pyrophosphate, while incorporating the four
di�erent step-wise added dNTPs species, is detected by light generation via a luciferase
enzyme (Nyrén & Lundin 1985; Ronaghi et al. 1996). This method was used for the 454
GenomeSequencer FLX instrument (454 Life Sciences), which was the �rst NGS device
(Ansorge 2009). Sequencing by oligonucleotide ligation and detection (SOLiD, Applied
Biosystems) is a NGS technology, in which bead-bound DNA is ampli�ed via emulsion
PCR. The beads are attached to a glass surface and �uorescently labelled oligonucleotides
ligated in a step-wise fashion, which is recognised by the detector (Valouev et al. 2008). Ion
Torrent sequencing (Thermo Fisher Scienti�c, Waltham, MA, USA) is a further approach,
which uses a semiconductor technique to sense H+ releases during base incorporation. The
actual DNA sequence is resolved by sequential �ooding with each dNTP species (Schadt
et al. 2010). Albeit these methods belong to the second generation of sequencing, Illumina
is obviously the embodiment of NGS and still dominates the sequencing market with about
70 % overall market share in the year 2013 and 90 % of total produced DNA data se-
quenced by Illumina devices in 2014 (Regalado 2014; Karow 2013). The technique applied
by Illumina was initially described by Balasubramanian et al. (2003) and uses polymerase-
mediated incorporation of �uorescently labelled dNTPs to resolve DNA sequences. NGS
led to an drastic increase in sequencing yield, while simultaneously decreasing sequencing
costs from approx. 1,000 $ per Mbp in 2007 to less than 0.1 $ per Mbp in 2012 (Wetter-
strand 2016).
The next revolution in sequencing might have been triggered by another big project, namely
the 1,000 $ genome (Mardis 2006; Service 2006). With the goal to reduce the sequencing
costs of a human genome to less than 1,000 $, generous funding for various potential
ground breaking sequencing approaches paved the way for the third generation of sequenc-
ing (TGS). Several key characteristics for TGS are described in literature, which essen-
tially are: (1) long reads, (2) PCR free, (3) single molecular, and (4) real time (Schadt
et al. 2010; Lu et al. 2016; Shendure et al. 2017; van Dijk et al. 2018). The �rst com-
mercialised technology matching these characteristics was released by Paci�c Biosciences
(PacBio; Menlo Park, CA, USA) being the advent of TGS. This method is based on
zero-mode waveguides being sub wavelength holes with a trapped DNA polymerase in-
side. Polymerase-based synthesis of DNA using �uorescently labelled dNTP can then be
observed in real time (Levene et al. 2003; Eid et al. 2009). PacBio's Single Molecule,
Real-Time (SMRT) sequencing technology applied by the PacBio Sequel System produces
an average of 20 kbp reads when sequencing whole genomes without systematic errors
(https://www.pacb.com/products-and-services/sequel-system/).
The second noteworthy TGS technique is Oxford Nanopore Technology (ONT) sequencing.
The idea of sequencing DNA using nanopores goes back to a sketch of David Deamer in
his lab notebook in the year 1989 (Pennisi 2012; Deamer et al. 2016). Kasianowicz et al.
(1996) described the translocation of ssDNA through nanopores, however, without actu-

5

https://www.pacb.com/products-and-services/sequel-system/


1 Introduction

ally resolving the sequence. Subsequently, a respective patent about using nanopores for
sequencing was granted (Church et al. 1998). For the next 14 years, nanopore sequencing
was developed in the background, except for the founding of ONT in 2005, while �rst and
second generation sequencing were in the spotlights. This changed in 2012, as the Chief
Technology O�cer Clive Brown from ONT revealed the �rst MinION device during a ple-
nary talk at the Advances in Genome Biology and Technology (AGBT) meeting and the
start of the MinION Access Program (MAP) in 2014 (Deamer et al. 2016). The MAP pro-
vided selected laboratories with the MinION device, free of charge �owcells, and chemistry,
leading to the �rst published E. coli assembly using only ONT reads (Loman et al. 2015).
Sequencing using the MinION device comes with a simple and fast library DNA preparation
procedure. Thereby, DNA ends are enzymatically repaired and ligated to special adapters.
Between these reactions, bead based DNA clean up steps are necessary, but PCR am-
pli�cation is completely abolished. The VoiTRAX device o�ers a automated solution for
these library preparation steps. Furthermore, a rapid DNA sequencing kit with less than
10 min preparation time is available (https://nanoporetech.com/prepare). The short time
from sample taking to sequencing results was impressively demonstrated by Clive Brown
at the London calling conference 2018 (Brown 2018). At the beginning of his talk, he
provided his assistant with a spit sample, who presented the respective microbiome data
approx. after one hour, still during the talk. This sequencing demonstration was performed
without special laboratory equipment just using a laptop, the MinION, and a all-in-one
library preparation solution called Ubik. Furthermore, extreme �exibility and portability
was demonstrated in 2016 with the �rst DNA sequencing in space at the International
Space Station (Rainey 2016).
The actual sequencing takes place in the �owcell containing a ionic solution separated by a
membrane with nanopores incorporated. By applying voltage, a current is build up leading
to translocation of the negatively charged DNA through the pores. Thereby, each base of
the DNA causes a change in the electrical current, which is measured. DNA passaging the
pores need to be slowed down in order to resolve the current changes for each base. Thus,
a protein ratchet is installed, with which the number of bases passing the pore per second
can be controlled by the concentration of ATP. The recorded raw signal is then basecalled
to gain the respective DNA sequence (https://nanoporetech.com/resource-centre/minion-
introduction).
To obtain a representative genome sequence of an organism, the produced DNA reads need
to be assembled. The �rst published assembly of the 5,375 bp phage ΦX174 genome was
essentially assembled by hand (Sanger et al. 1977a). The Human Genome Project and,
in general, increasing sequencing yield demanded for the development of computer-based
assembly tools. The �rst assemblers were based on �nding overlaps in sequenced reads by
so-called greedy algorithms, such as the TIGR assembler (Sutton et al. 1995). This software
was used by Fleischmann et al. (1995) to assemble the �rst genome of a free-living organism,
Haemophilus in�uenzae, followed by genome publications of Saccharomyces cerevisiae and
Caenorhabditis elegans (Go�eau et al. 1996; The C. elegans Sequencing Consortium 1998).
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1.2 Oxford Nanopore Sequencing

Then, the Celera assembler followed a graph-based strategy using a concept called overlap-
consensus-layout producing reasonable draft genomes (Myers et al. 2000). While these
methods were applicable to assemble �rst generation sequencing reads, short NGS reads
(25 - 700 bp) needed a di�erent strategy realised by employing de Bruijn graphs (Pevzner
et al. 2001; Zerbino & Birney 2008). Resequencing projects utilising NGS brought forth
mapping tools such as Bowtie and Burrows-Wheeler Aligner (BWA), which are still cru-
cial for quality assessment and data polishing in today's sequencing projects (Langmead
et al. 2009; Li & Durbin 2009). Long reads produced by TGS resulted in a resurgence of
overlap-consensus-layout approaches with adaptation to the error prone reads, as realised
by Canu, which is the successor of the Celera assembler (Koren et al. 2017). Since NGS
read accuracy is unmatched by TGS technologies, hybrid assembly approaches using reads
from both sequencing generations became more or less "gold standard" for high quality
genomes. Thereby, assembler, such as Unicylcer and HybridSPAdes, utilise NGS short
reads for per base accuracy and TGS long reads for sca�olding and gap closure (Wick et al.
2017; Antipov et al. 2016b). These approaches facilitate the assembly of closed and high
quality bacterial genomes, as performed in this study, and resulted in the most contiguous
assembly of the human genome published to date (Jain et al. 2018).
ONT sequencing was used to resequence C. formicaceticum. Since this organism was ge-
netically modi�ed for the �rst time during this study, a closed genome sequence became
relevant for further metabolic engineering. Using ONT long reads, tedious Sanger "primer
walking" experiments to close the genome was avoided. Furthermore, the genome from
Clostridium coskatii was resequenced with the MinION device, subsequently closed, and
a native plasmid identi�ed. A high quality genome sequence of C. coskatii is desirable,
because of its relatedness to the industrial relevant strains Clostridium ljungdahlii and
Clostridium autoethanogenum (Bengelsdorf et al. 2016).
Major reviews in the �eld of gas fermentation, clostridia, and acetogens emphasize the im-
portance of complete genome sequences and genetic accessibility in order to use respective
bacteria as production platforms for chemical commodities and biofuels (Papoutsakis 2008;
Daniell et al. 2012; Schiel-Bengelsdorf & Dürre 2012; Pyne et al. 2014a). Both aspects are
addressed in this study.
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2 Material and Methods

2.1 Chemicals, enzymes, antibiotics, and gases

Chemicals, enzymes, and antibiotics were purchased from following companies, unless oth-
erwise mentioned:

� AppliChem GmbH, Darmstadt, Germany

� Biozym Scienti�c GmbH, Oldenburg, Germany

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

� Difco Laboratories, Augsburg, Germany

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

� GE Healthcare EUROPE GmbH, Munich, Germany

� Genaxxon Bioscience GmbH, Ulm, Germany

� Gene Bridges GmbH, Heidelberg, Germany

� Invitrogen GmbH, Karlsruhe, Germany

� Merck KGaA, Darmstadt, Germany

� Qiagen GmbH, Hilden, Germany

� SERVA Electrophoresis GmbH, Heidelberg, Germany

� Sigma-Aldrich Chemie GmbH, Steinheim, Germany

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

� Thermo Fisher Scienti�c, Waltham, MA, USA

� VWR International GmbH, Darmstadt, Germany

� ZYMO Research Europe GmbH, Freiburg, Germany
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2 Material and Methods

Table 2 shows the solvents and concentrations used for the antibiotic stock solutions.

Table 2: Antibiotics used in this study.
Antibiotic Solvent Stock solution

[mg/ml]
Working solution

[µg/ml]

Ampicillin Water 100 100
Chloramphenicol Ethanol, absolute 30 30
Clarithromycina Water 5 5
Colistin Water 10 20
Erythromycin Ethanol, absolute 100 100
Kanamycin Water 50 50
Spectinomycin Water 50 50
Thiamphenicolb Dimethylformamid 20 15
a mixed with H2O, then 2 M HCl was added in a dropwise fashion until clarythromycin was
dissolved completely (pH approximately 2.6), �nally 2 M NaOH was used to set the pH to 6.5
- 7.0

b photosensitive

All gases used in this work were purchased from MTI IndustrieGase AG (Neu-Ulm, Ger-
many) and are listed in Table 3.

Table 3: Gases used in this study.
Gas Composition Purity Application

Forming gas 195.5 % N2 3.0 Anaerobic chamber atmosphere
105.5 % H2 3.0

H2 100.5 % H2 5.0 Gas chromatography
N2 100.5 % N2 5.0 Gas chromatography

Anaerobic solutions
Protadur® 20 180.5 % N2 3.0 Anaerobic media

120.5 % CO2 3.0
Synthetic air 120.5 % O2 5.0 Gas chromatography

179.5 % N2 5.0
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2.2 Bacterial strains

2.2 Bacterial strains

Bacterial strains used in this study are listed in Table 4.

Table 4: Bacterial strains used in this study.

Strain Relevant pheno- or genotypea Origin/Reference

A. woodii DSM1030 Type strain DSMZ GmbH
(Brunswick, Germany)

C. aceticum DSM1496 Type strain DSMZ GmbH
(Brunswick, Germany)

C. coskatii PTA-10522 Type strain DSMZ GmbH
(Brunswick, Germany)

C. formicaceticum

DSM92
Type strain DSMZ GmbH

(Brunswick, Germany)

C. ljungdahlii

DSM13528
Type strain DSMZ GmbH

(Brunswick, Germany)

E. coli BL21(DE3) fhuA2, [lon], ompT, gal, (λ DE3),

[dcm], ∆hsdS, λ DE3 = λ,

sBamHIo, ∆EcoRI-B,

int::(lacI::PlacUV5::T7 gene1),

i21, ∆nin5

New England Biolabs
Inc. (Ipswich, MA,
USA)

E. coli CA434 hsdS20 (r-B, m-B), supE44, thi-1,

recAB, ara-14, leuB5proA2,

lacY1, galK, rpsL20 (StrR), xyl-5,

mtl-1, including the conjugative
plasmid R702 (TetR, SmR, SuR,

HgR, Tra+, Mob+)

Purdy et al. (2002)
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2 Material and Methods

Table 4: Bacterial strains used in this study (continued).

Strain Relevant pheno- or genotypea Origin/Reference

E. coli DH5α F�, Φ80lacZ∆M15,

∆(lacZYA-argF) U169, recA1,

endA1, hsdR17, (rK-, mK+),

phoA, supE44, λ-, thi-1, gyrA96,

relA1

Hanahan (1983)

E. coli ER2275 trp31, his-1, tonA2, rpsL104,

supE44, xyl-7, mtl-2, metB1, e14-,

∆(lac)U169, endA1, recA1,

R(zgb-Z10::Tn10), Tets,

∆(mcr-hsd-mrr), 114::1510, [F'

proAB lacIq Z∆M15zzf::mini Tn10

(Kmr)]

Mermelstein &
Papoutsakis (1993)

E. coli SCS110 psL, (Strr), thr, leu, endA, thi-1,

lacY, galK, galT, ara, tonA, tsx,

dam, dcm, supE44, ∆(lac-proAB)

[F', traD36, proAB, lacIqZ∆M15]

Agilent Technologies
(Santa Clara, CA, USA)

E. coli XL1-Blue
MRF'

∆(mcrA)183,

∆(mcrCB-hsdSMRmrr)173,

endA1, supE44, thi-1, recA1,

gyrA96, relA1, lac [F', proAB,

lacIqZ∆M1, 5Tn10 (Tetr)]

Agilent Technologies
(Santa Clara, CA, USA)

a Standard genotype abbreviations for E.coli according to Berlyn (1998)
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2.3 Plasmids

2.3 Plasmids

All plasmids used in this work are shown in Table 5.

Table 5: Plasmids used in this study.

Plasmid Size

[bp]

Characteristics Origin/

Reference

pACYC_McsaI p15A ori (rep), TcR, SpR (spcE ),
M.CsaI gene, S.CsaI gene

Montoya,
unpublished

pMCljS 7,614 p15A ori (rep), TcR , SpR (spcE ),
methyltransferase gene from
C. ljungdahlii

Wensche (2013)

pANS1 5,852 p15A ori (rep), SpR (spcE ), Φ3T
B. subtilis phage methyltransferase
gene

Böhringer
(2002)

pCACET 5,719 C. aceticum native plasmid Poehlein et al.
(2015)

pCE3 14,686 p15A ori (rep), pCB102 ori (repH ),
CmR (catP), ccdB, crt, bcd, etfA, etfB,
hbd, thlA, adhE2

Erz (2017)

pDrive 3,851 pMB1 ori (rep), ApR (bla), KmR

(aph), lacPOZ'
Qiagen GmbH
(Hilden,
Germany)

pET-28a(+) 5,369 pBR322 ori (rep), f1 ori, KmR (aph),
lacI

Merck KGaA
(Darmstadt,
Germany)

pET-
28a(+)_M.MvaI

6,658 pET-28a(+) carrying codon optimised
M.MvaI gene from M. varians RFL19
cloned using NdeI and XhoI

This study
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2 Material and Methods

Table 5: Plasmids used in this study (continued).

Plasmid Size

[bp]

Characteristics Origin/

Reference

pIMP1 4,696 pMB1 ori (rep), pIM13 ori (repL),
ApR (bla), EmR (ermC )

Mermelstein &
Papoutsakis
(1993)

pIMP1_act 8,559 pIMP1 carrying PthlA, adc, ctfA, ctfB,
thlA from C. acetobutylicum

Lederle (2010)

pIMP1_catP 5,990 pMB1 ori (rep), pIM13 ori (repL),
ApR (bla), CmR (catP)

Linder,
unpublished

pJIR750 6,568 pMB1 ori (rep), pIP404 ori (rep), CmR

(catP), lacZ
Bannam &
Rood (1993)

pMCaceS 7,595 p15A ori (rep), SpR (spcE ),
CACET_c22210 methyltransferase
gene

Erz,
unpublished

pMK1 7,405 pCACET carrying ColE1 ori (rep),
CmR (catP)

This study

pMK83 4,373 ori101 ori (repA), pCB102 ori (repH ),
CmR (catP)

This study

pMK84 6,188 ori101 ori (repA), pCD6 ori (repA,
orfB, oriV ), CmR (catP)

This study

pMK85 3,626 ori101 ori (repA), pIM13 ori (repL),
CmR (catP)

This study

pMK86 4,725 ori101 ori (repA), pCACET ori (repB,
copG), CmR (catP)

This study

pMKS1 5,947 p15A ori (rep), SpR (spcE ),
CACET_c27470 modi�cation
methylase MvaI gene from C. acetcium

This study
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2.3 Plasmids

Table 5: Plasmids used in this study (continued).

Plasmid Size

[bp]

Characteristics Origin/

Reference

pMKS2 5,884 p15A ori (rep), SpR (spcE ), codon
optimised M.MvaI gene from
Micrococcus varians RFL19

This study

pMTL82151 5,254 ColE1 ori (rep), pBP1 ori (repA,
orf2 ), CmR (catP), traJ

Heap et al.
(2009)

pMTL82551 5,313 ColE1 ori (rep), pBP1 ori (repA,
orf2 ), CmR (catP with ackA promoter
from C. aceticum), traJ

This study

pMTL83151 4,476 ColE1 ori (rep), pCB102 ori (repH ),
CmR (catP), traJ

Heap et al.
(2009)

pMTL83551 4,535 ColE1 ori (rep), pCB102 ori (repH ),
CmR (catP with ackA promoter from
C. aceticum), traJ

This study

pMTL84151 6,297 ColE1 ori (rep), pCD6 ori (repA, orfB,
oriV ), CmR (catP), traJ

Heap et al.
(2009)

pMTL84551 6,356 ColE1 ori (rep), pCD6 ori (repA, orfB,
oriV ), CmR (catP with ackA

promoter from C. aceticum), traJ

This study

pMTL85151 3,729 ColE1 ori (rep), pIM13 ori (repL),
CmR (catP), traJ

Heap et al.
(2009)

pMTL85551 3,788 ColE1 ori (rep), pIM13 ori (repL),
CmR (catP with ackA promoter from
C. aceticum), traJ

This study

pMTL86151 4,828 ColE1 ori (rep), pCACET ori (repB,
copG), CmR (catP), traJ

Heap et al.
(2009)
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Table 5: Plasmids used in this study (continued).

Plasmid Size

[bp]

Characteristics Origin/

Reference

pMTL86551 4,887 ColE1 ori (rep), pCACET ori (repB,
copG), CmR (catP with ackA

promoter from C. aceticum), traJ

This study

pMW1 14,642 p15A ori (rep), pIM13 ori (repL), CmR

(catP), EmR (ermC ), ccdB, crt, bcd,
etfA, etfB, hbd, thlA, ald, bdhB

Wensche (2013)

pMW2 14,517 p15A ori (rep), pIM13 ori (repL), CmR

(catP), EmR (ermC ), ccdB, crt, bcd,
etfA, etfB, hbd, thlA, adhE

Wensche (2013)

pRedET-tetR 9,155 ori101 ori (repA), araC, gam, bet, exo,
recA, TetR (tetR)

Gene Bridges
GmbH
(Heidelberg,
Germany)

prepB 7,004 ColE1 ori (rep), pCACET ori (repB,
copG), CmR (catP)

ATUM
(Newark, CA,
USA) former
DNA 2.0
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2.4 Primer

2.4 Primer

Primers were synthesised by biomers.net GmbH (Ulm, Germany) and dispatched as
lyophilisates. PCR tested DNA free ultrapure water (AppliChem GmbH, Darmstadt, Ger-
many) was used to dissolve primers to a �nal concentration of 100 µM. Table 6 shows the
sequence of all primers used in this study. They were utilised for standard PCRs, sequenc-
ing, and for the ampli�cation of fragments used for circular polymerase extension cloning (
CPEC). The annealing temperature for the PCR assay is given, except for the sequencing
primers.

Table 6: Primers used in this study.
Primer name Sequence 5' → 3' Application Annealing

temperature

[°C]a

catP_fwd CCTACAGCATGACCGTTA Standard PCR 60.3

catP_rev GGCAAATGTGAAATCCGT Standard PCR 63.9

pCACET_fwd GGGGGCAAAATTTGGATGA Standard PCR 69.2

pCACET_rev GCAAATGCGGATGATAATAG Standard PCR 62.2

pET28a _rev AGAAAGGAAGGGAAGAAAG Standard PCR 59.4

pET28a_fwd TAGGGGAATTGTGAGCGG Standard PCR 66.5

pIMP1_fwd TGAAATCGGCTCAGGAAAA Standard PCR 63.7

pIMP1_rev TCGTCAATTCCTGCATGT Standard PCR 60.8

pMK83_fwd TGGTGAATTGGGGATATATG Standard PCR 62.3

pMK83_rev TGAGTTGTGGGTATCTGT Standard PCR 56.7

pMKS_fwd CGTGTTGCGTGGTATATC Standard PCR 60.6

pMKS_rev CTCCTCTGTCTCTCTTTTT Standard PCR 55.6

pMKS2_fwd CGTGTTGCGTGGTATATC Standard PCR 60.6

pMKS2_rev CTCCTCTGTCTCTCTTTTT Standard PCR 55.6

pMTL_catP_BB_fwd GGTGAATTGGGGATATATG Standard PCR 59.4

pMTL_catP_BB_rev CCGACAGGACTATAAAGA Standard PCR 55.6

84ORI_seq_1 CTACCAACTCCAATATCG Sequencing

84ORI_seq_2 TGGGTGCAGATAAACAAG Sequencing

84ORI_seq_3 GGTGTTACAAAGCTAGGA Sequencing

84ORI_seq_4 TTTTCAACTTGCCCACTG Sequencing

GATC_fD1 AGAGTTTGATCCTGGCTCAG Sequencing

GATC_rP2 ACGGCTACCTTGTTACGACTT Sequencing
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Table 6: Primer used in this study (continued).
Primer name Sequence 5' → 3' Application Annealing

temperature

[°C]a

M13_fwd GTAAAACGACGGCCAGT Sequencing

M13_rev AACAGCTATGACCATG Sequencing

pMTL86151_seq_1 GTATATGGTCTTCGTGTC Sequencing

pMTL86151_seq_2 CTATCACAATTCGCACCT Sequencing

pMTL86151_seq_3 GGTGATGTCGTATAAGAG Sequencing

T7_promoter TAATACGACTCACTATAGGG Sequencing

T7_terminator GCTAGTTATTGCTCAGCGG Sequencing

CPEC_catP_fwd GGAGGTATTAAGTTAAATGGT
ATTTGAAAAAATTG

CPEC 56.0

CPEC_catP_rev GATTATCAAAAAGGAGTTT CPEC 56.0

CPEC_PackA_fwd TTTAATAGGCCGGCCTAAATT
TTAATAAAAAATCATGG

CPEC 55.0

CPEC_PackaA_rev CAATTTTTTCAAATACCATTT
AACTTAATACCTCC

CPEC 55.0

CPEC_pMK1_fwd CGGAAGAGCGCCCAATACGCA
GGGCCCCATCCGTAGATGCCA
TGATAACTATATTAAC

CPEC 72.0

CPEC_pMK1_rev GAATTTTTCAACTTGCCCACT
GGCCGGCCATAAACCAATTCA
ACATGCCTAAATATTCTG

CPEC 72.0

CPEC_pMK83_fwd
GTGTTTTTTGTTACCCTAAGT
TTAAACGCTAGGATCTCGAGA
AGC

CPEC 72.0

CPEC_pMK83_rev GTTCAAAAAAATAATGGCGGC
GCGCCTTGTCGATCTGTTCAT
GG

CPEC 72.0

CPEC_pMK85_fwd
ACGGTGTTTTTTGTTACCCTA
AGTTTAAACGCTAGGATCTCG
AGAAGCTTGGC

CPEC 72.0

CPEC_pMK85_rev TATAGAAAAGAAGTGAATGCG
GCGCGCCTTGTCGATCTGTTC
ATGGTGAA

CPEC 72.0
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Table 6: Primer used in this study (continued).
Primer name Sequence 5' → 3' Application Annealing

temperature

[°C]a

CPEC_pMK86_rev ACATTATATTTCTTGATTTAA
AGGCGCGCCTTGTCGATCTGT
TCATGGTGAA

CPEC 72.0

pMK83_adhE2_fwd GGATGATTGTTATGGATTATA
AGCGGCCGGAAGAAAGTATAA
TGAGAAAAT

CPEC 58.0

pMK83_adhE2_rev CCACATTTTTGTGAATTTTTC
AACTTGCCCACTGGCCGGCCT
TGAAAGATAAAAAACAAGAGT

CPEC 58.0

pMKS1_BB_fwd GAAAAGATAGGGAATAAATTT
GTCTTTTAAACAAATGCAAAA
TAAGAGGG

CPEC 65.0

pMKS1_BB_rev CTCAATACAGCCATCAAACAA
CCTCCATATATTTTATTTTTA
CTCTAAA

CPEC 65.0

pMKS1_Insert_fwd TGGAGGTTGTTTGATGGCTGT
ATTGAGAAATATTGATGAAC

CPEC 65.0

pMKS1_Insert_rev GCATTTGTTTAAAAGACAAAT
TTATTCCCTATCTTTTCTTAA
TACTACTATATGTTC

CPEC 65.0

pMKS2_BB_fwd ACTACATTAACAAATCCTAAA
TTTGTCTTTTAAACAAATGCA
AAATAAGAGGG

CPEC 66.0

pMKS2_BB_rev TCAGGTATTCCATCAAACAAC
CTCCATATATTTTATTTTTAC
TC

CPEC 66.0

pMKS2_Insert_fwd TGGAGGTTGTTTGATGGAATA
CCTGAATGATAAAGACCAACA
CC

CPEC 72.0

pMKS2_Insert_rev TGCATTTGTTTAAAAGACAAA
TTTAGGATTTGTTAATGTAGT
TTTTCAGCATCAGG

CPEC 72.0
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2 Material and Methods

Table 6: Primer used in this study (continued).
Primer name Sequence 5' → 3' Application Annealing

temperature

[°C]a

pRedET_ORI_fwd GAAATACGGTGTTTTTTGTTA
CCCTAAGTTTGCTAGGATCT
CGAGAAGCTTGGC

CPEC 72.0

pRedET_ORI_rev CTAATTTTTAGACTTAAGGG
CGGGCGCGTTGTCGATCTGTT
CATGGTGAA

CPEC 72.0

a Annealing temperature for standard PCRs was calculated according to the modi�ed Breslauer's thermo-

dynamics method (Breslauer et al. 1986), using the Tm calculator of the manufacturer of the polymerase

(Thermo Fisher Scienti�c Inc., Waltham, MA, USA). Annealing temperature of CPEC primers was deter-

mined by gradient PCRs.

2.5 Growth media

Di�erent media were prepared using ultra-pure water (PURELAB classic, ELGA LabWa-
ter, Celle, Germany) to dissolve the components and were autoclaved for 15 to 20 min at
121 °C and 1.2 bar pressure. Heat sensitive substances were �lter-sterilised (pore size 0.2
µm; Sarstedt AG & Co., Nümbrecht, Germany) and added after autoclaving. For solid me-
dia, agar (1.5 % (w/v)) was added and poured after autoclaving. If necessary, antibiotics
were added to the media at a temperature of approx. 50 °C before pouring.
For anaerobic media, gas-tight vessels were used. Vacuum was applied and media were af-
terwards �ushed with Protadur® 20 (Table 3). This procedure was repeated seven times to
ensure anoxic condition. Anaerobic water was prepared by boiling for 20 min and sparging
with N2 during cooling down. Anaerobic agar plates were made in the anaerobic chamber.
Therefore, substances were either weighed and transferred to the anaerobic chamber to add
anaerobic water. Or medium was prepared aerobically, pH adjusted, boiled for 20 min, and
sparged with N2. Then, the anaerobic solution was transferred to the anaerobic chamber,
the volume set with anaerobic water, and agar added. Or medium was prepared, pH ad-
justed, agar added, and H2O added accordingly under aerobic conditions. The medium
was then sparged with N2 at room temperature for 1 h. All solutions were autoclaved in
a gas tight vessel and afterwards poured and stored in the anaerobic chamber at room
temperature.
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2.5 Growth media

2.5.1 Media for E. coli strains

All components for E. coli media were disolved in water and then the media were auto-
claved. For cloning and transformation purposes, LB (Luria-Bertani or lysogeny broth)
medium and LB agar plates were used. SOB (super optimal broth) medium was used for
heterologous protein production and preparation of chemical competent cells.

LB medium (Bertani 1951)
Tryptone 10 g 1 % (w/v)
Yeast extract 5 g 0.5 % (w/v)
NaCl 10 g 171.1 mM
H2O ad 1,000 ml

SOB medium (Sun et al. 2009)
Tryptone 20 g 2 % (w/v)
Yeast extract 5 g 0.5 % (w/v)
NaCl 0.5 g 8.6 mM
KCl 190 mg 2.5 mM
MgCl2 (2 M)a 5 ml 10 mM
H2O ad 1,000 ml
a autoclaved separately and added prior to use

2.5.2 Media for acetogenic bacteria

2.5.2.1 Media for A. woodii, C. aceticum, and C. formicaceticum

A. woodii, C. aceticum, and C. formicaceticum were originally cultivated in modi�ed DSMZ
medium 135. During this work, Tanner mod. 8.1 medium was developed and also used as
growth medium for C. aceticum.
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DSMZ medium 135 mod. (Ho�meister et al. 2016)
NH4Cl 0.2 g 3.7 mM
KH2PO4 1.76 g 12.9 mM
K2HPO4 8.44 g 48.5 mM
Yeast extract 3 g 0.3 % (w/v)
NaHCO3 10 g 0.1 M
L-cysteine-HCl x H2O 0.3 g 1.7 mM
Na2S x 9 H2O 0.3 g 1.2 mM
SL-9 trace element solution 2 ml 0.2 % (v/v)
Vitamin solution 2 ml 0.2 % (v/v)
Resazurin 1 mg 4.4 µM
MgSO4 x 7 H2Oa 0.33 g 1.3 mM
Fructoseb 3.96 g 22 mM
H2O ad 1,000 ml
a added after autoclaving from anaerobic and sterile 750 mM stock solution
b added after autoclaving from anaerobic and sterile 1.11 M stock solution

SL-9 trace element solution mod. (Tschech & Pfennig 1984)
Nitrilotriacetic acid 12.8 g 67 mM
MnCl2 x 2 H2O 0.1 g 0.5 mM
FeCl2 x 4 H2O 2 g 10.1 mM
CoCl2 x 6 H2O 0.2 g 0.8 mM
ZnCl2 70 mg 0.5 mM
CuCl2 x 6 H2O 2 mg 11.7 µM
H3BO3 6 mg 97 µM
Na2MoO4 x 2 H2O 36 mg 0.2 mM
NiCl2 x 6 H2O 24 mg 0.1 mM
H2O ad 1,000 ml

Nitrilotriacetic acid was �rst dissolved and the pH set to 6.5 with KOH. After adding the
other components, the pH was adjusted to 7.0 using again KOH.
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Vitamin solution (Wolin et al. 1963)
Biotin 25 mg 100 µM
Folic acid 25 mg 55 µM
Pyridoxine-HCl 50 mg 205 µM
Thiamine-HCl x 2 H2O 50 mg 148 µM
Ribo�avin 50 mg 130 µM
Nicotinic acid 50 mg 405 µM
D-Ca-Pantothenate 50 mg 105 µM
Cyanocobalamine 25 mg 20 µM
α-Aminobenzoic acid 50 mg 365 µM
Lipoic acid 25 mg 120 µM
H2O ad 1,000 ml

SL-9 trace element solution and vitamin solution were aliquoted in 50 ml falcons and stored
at -20 °C. After thawing an aliquot, the solution was stored at 4-8 °C.

Tanner mod. 8.1 (Tanner et al. 1993)
Tris 11.6 g 95.6 mM
Yeast extract 0.5 g 0.05 % (w/v)
Fructose 10 g 55.5 mM
Mineral solution 25 ml 2.5 % (v/v)
Trace element solution 10 ml 1 % (v/v)
Vitamin solution 10 ml 1 % (v/v)
L-Cysteine-HCl x H2O 0.5 g 3.2 mM
Resazurin 1 mg 4.4 µM
H2O ad 1,000 ml

After mixing all components, the pH was adjusted to 8.1 using 25 % HCl.

Mineral solution (Tanner et al. 1993)
NH4Cl 100 g 1.9 M
NaCl 80 g 1.4 M
KCl 10 g 134.1 mM
KH2PO4 10 g 73 mM
MgSO4 x 7 H2O 20 g 81.1 mM
CaCl2 x 2 H2O 4 g 27.2 mM
H2O ad 1,000 ml
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Trace element solution (Tanner et al. 1993)
Nitrilotriacetic acid 2 g 10.5 mM
MnSO4 x H2O 1 g 5.9 mM
Fe(NH4)2(SO4)2 x 6 H2O 0.8 g 2 mM
CoCl2 x 6 H2O 0.2 g 840.9 µM
ZnSO4 x 7 H2O 0.2 g 695.6 µM
NiCl2 x 6 H2O 0.02 g 84.1 µM
CuCl2 x 2 H2O 0.02 g 117.3 µM
Na2MoO4 x 2 H2O 0.02 g 97.1 µM
Na2SeO3 x 5 H2O 0.02 g 172.9 µM
Na2WO4 x 2 H2O 0.02 g 68.1 µM
H2O ad 1,000 ml

Nitrilotriacetic acid was dissolved and adjusted to pH 5.7. Then, the other components
were added.

Vitamin solution (Tanner et al. 1993)
p-Aminobenzoic acid 5 mg 36.5 µM
Lipoic acid 5 mg 24.2 µM
Biotin 2 mg 8.2 µM
D-Ca-pantothenate 5 mg 10.5 µM
Folic acid 2 mg 4.5 µM
Nicotinic acid 5 mg 40.6 µM
Pyridoxine-HCl 10 mg 59.1 µM
Ribo�avine 5 mg 13.3 µM
Thiamine-HCl 5 mg 14.8 µM
Cyanocobalamine 5 mg 3.2 µM
H2O ad 1,000 ml

Mineral, trace element, and vitamin solution for Tanner mod. 8.1 medium were aliquoted
in 50-ml falcon tubes and stored at -20 °C. The aliquot in use was kept at 4-8 °C.

2.5.3 Medium for C. coskatii and C. ljungdahlii

C. coskatii and C. ljungdahlii were cultivated using Tanner mod. medium.
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2.6 Preservation of bacterial strains

Tanner mod. (Tanner et al. 1993)
MES bu�er 20 g 102.6 mM
Yeast extracta 2 g 0.2 % (w/v)
Fructose 10 g 55.5 mM
Mineral solution 25 ml 2.5 % (v/v)
Trace element solution 10 ml 1 % (v/v)
Vitamin solution 10 ml 1 % (v/v)
L-Cysteine-HCl x H2O 0.5 g 3.2 mM
Resazurin 1 mg 4.4 µM
H2O ad 1,000 ml
a 0.5 g (0.05 % (w/v)) yeast extract was used for C. ljungdahlii

After dissolving all components, the pH was adjusted to 5.9 using 10 M NaOH. The same
mineral, trace element, and vitamin solution was used as described for Tanner mod. 8.1 in
2.5.2.

2.6 Preservation of bacterial strains

2.6.1 Preservation of E. coli strains

E. coli strains were preserved within glycerol. Therefore, 500-µl overnight culture were
mixed with 500 µl of sterile 50 % (v/v) glycerol and stored at -80 °C.

2.6.2 Preservation of acetogens

Short-time storage was realised using DMSO (dimethyl sulfoxide). Therefore, 5 ml of an
exponential culture was spinned down and the supernatant was removed using a syringe.
Cells were resuspended in 600 µl SMP bu�er with 20 % (v/v) DMSO and stored at -80 °C.

SMP bu�er (Zhu et al. 2005)
Sucrose 92.42 g 270 mM
MgCl2 x 6 H2O 0.20 g 1 mM
Na2HPO4 x 2 H2O 0.84 g 7 mM
H2O ad 1,000 ml

Components were dissolved in H2O and the pH was adjusted to 6 by adding HCl. The
solution was boiled for 20 min and cooled on ice, while sparging with N2. Next, the bu�er
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was transferred to the anaerobic chamber, anaerobic water added accordingly, aliquoted,
and autoclaved. When needed, the pH was adjusted to 7, 7.5, or 8 after autoclaving using
10 M NaOH in a drop-wise fashion. Indicator stripes were used to control the �nal pH.
For long-time storage, strains were lyophilised. Therefore, 5 ml of an overnight culture
was pelleted, the supernatant discarded via a syringe, and 1.5 ml lyophilisation medium
added. The cell suspension was split among three sterile glass vials and closed with sterile
cotton wool plugs (Celluron, Paul Hartmann AG, Heidenheim, Germany) and plastic screw
caps. Cells were then frozen in liquid nitrogen, placed in a cooling block at -80 °C, and
transferred to the pre-cooled lyophilisator (Christ Alpha 1-4 freeze-dryer; Martin Christ
Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany). Then, the �rst drying
step was performed by applying vacuum for 19 h at -54 °C. The cotton plugs were replaced
by butyl rubbers to seal the vials after the �rst drying step. Afterwards, a second vacuum
was applied for 12 h. The vials containing the lyophilised cells were stored at 4 °C.

Lyophilisation medium

Meat extract 2 g 0.2 % (w/v)
Sucrose 120 g 350.6 mM
Resazurin 1 mg 4.4 µM
H2O ad 1,000 ml

2.7 Cultivation of bacterial strains

2.7.1 Aerobic cultivation of E. coli

In general, cultivation of E. coli was conducted at 37 °C. However, in some cases the
temperature was adjusted. Cultures harbouring plasmids with the ori101 ori (5) were
incubated at 30 °C. Moreover, E. coli for competent cells (2.10.1.1) was grown at 18 °C and
di�erent temperatures were tested for protein production. All experiments were performed
in 5 ml medium in test tubes, 100 ml medium in ba�ed 500-ml Erlenmeyer �asks, or 250 ml
medium in ba�ed 2-l Erlenmeyer �asks. To ensure su�cient oxygenation of the medium,
cultures were incubated on a rotary shaker at 120 to 180 rpm. Agar plates with E. coli

were incubated upside down at the appropriate temperature. A sterile inoculation loop
was used to inoculate from glycerol stock cultures (2.6.1).

2.7.2 Anaerobic cultivation of acetogens

A. woodii, C. aceticum, and C. formicaceticum were cultivated at 30 °C, C. coskatii and
C. ljungdahlii at 37 °C. Cells were grown in Hungate tubes, containing 5 ml medium, closed
with airtight synthetic rubber stoppers and plastic screw caps (Ochs GmbH, Bovenden,
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Germany). 50-ml cultures were incubated either in glass �asks sealed with natural rubber
stoppers and stainless-steel screw caps (Müller & Krempel AG, Bülach and Maag Technic
GmbH, Göppingen, Germany) or Schott glass �asks with synthetic rubber stoppers and
plastic screw caps (VWR International GmbH, Darmstadt, Germany). For the inoculation
from a preculture, approx. 10 % were transferred to the new medium unless otherwise
mentioned. Lyophilised cells were completely dissolved in medium and incubated in 5-ml
medium Hungate tubes until growth occurred. The inoculation volume from DMSO stock
cultures was approx. 50 µl incubated in 5 ml medium in Hungate tubes.

2.8 Determination of growth parameters

Cell growth was determined by measuring the optical density at 600 nm (OD600) using
the Ultrospec® 3100 pro (Amersham Bioscience Europe GmbH, Freiburg, Germany) and
1 ml cuvettes (VWR International GmbH, Darmstadt, Germany) with a thickness of 1 cm.
Sterile medium was used as blank and to dilute samples with OD600 values higher than 0.3.

2.9 Nucleic acid treatment

2.9.1 Isolation of DNA from bacteria

2.9.1.1 Isolation of plasmid DNA from E. coli

Plasmid DNA was extracted and puri�ed from E. coli using the Zyppy� Plasmid Miniprep
Kit (Zymo Research Corp., Irvine, CA, USA).
For higher yield, some plasmids were isolated with the QIAGEN® Plasmid Midi Kit (QI-
AGEN GmbH, Hilden, Germany) using the "very low-copy" protocol recommended by the
manufacturer.

2.9.1.2 Isolation of plasmid DNA from acetogens

The Zyppy� Plasmid Miniprep Kit was used to isolate plasmid DNA from acetogens. Prior
to the addition of the 7X lysis bu�er, cells were treated with lysozyme. For this purpose,
a cell pellet from 5 to 10 ml overnight culture was suspended in 600 µl of 50 mM Tris-HCl
bu�er (pH 7.2), 60 µl lysozyme (20 mg/ml) were added, and incubated at 37 °C for 30 min.
The centrifugation step, after the addition of neutralisation bu�er, was elongated to 15 min
to get a stable pellet.
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2.9.1.3 Isolation of genomic DNA from acetogens

Genomic DNA of acetogens was isolated utilising the MasterPure� Gram Positive DNA
Puri�cation kit (Epicentre, Madison, WI, USA). The initial lysozyme treatment was con-
ducted overnight.

2.9.2 Cloning procedures

2.9.2.1 Polymerase chain reaction

The polymerase chain reaction (PCR) was used to amplify DNA fragments (Mullis et
al. 1986). The Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scienti�c Inc.,
Waltham, MA, USA) was used for standard ampli�cation purposes. Fragments longer
than 8,000 bp were ampli�ed using the KAPA HiFi PCR Kit (Kapa Biosystems Inc.,
Woburn, MA, USA). The reaction mixtures and PCR programs were set up according to the
manufacturer. Elongation time was adjusted to length of the ampli�ed fragment. Annealing
temperature was calculated according to the modi�ed Breslauer's thermodynamics method
(Breslauer et al. 1986), using the Tm calculator of the manufacturer (6). For CPEC primer
pairs and, if a standard PCR yielded no fragment or unspeci�c fragments, a gradient PCR
was performed to determine the optimal annealing temperature.

2.9.2.2 Agarose gel electrophoresis

DNA fragments were separated by agarose gel electrophoresis according to standard pro-
cedures (Green & Sambrook 2012). In general, 0.8 % (w/v) agarose in TAE bu�er was
used. Fragments shorter than 1,000 bp were separated within 2 % (w/v) agarose gels.
6x DNA Loading Dye (Thermo Fisher Scienti�c Inc., Waltham, MA, USA) was added to
the DNA samples prior to loading the gel and 2 µl GeneRuler DNA Ladder Mix (Thermo
Fisher Scienti�c Inc., Waltham, MA, USA) were used as reference for the fragment size.
An electric potential between 120 and 140 V was applied to separate the DNA. Ethidium
bromide staining was used to visualize DNA by trans-illumination at 312 nm.

2.9.2.3 Purification of DNA

DNA from aqueous solution was puri�ed using DNA Clean & Concentrator�-5 (Zymo Re-
search Corp., Irvine, CA, USA).
For the puri�cation of DNA fragments from an agarose gel the fragments were excised from
the gel and puri�ed using the Zymoclean� Gel DNA Recovery Kit (Zymo Research Corp.,
Irvine, CA, USA).
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2.9 Nucleic acid treatment

2.9.2.4 Determination of DNA concentration

The DNA concentration was determined photometrically using the NanoDrop2000 Spec-
trophotometer (Thermo Fisher Scienti�c Inc., Waltham, MA, USA). Residual proteins or
solvents were detected by the 260/280 and 260/230 ratio. For DNA generally accepted as
"pure" (V1.0 User Manual), ratios should be 1.8 and between 1.8 and 2.2, respectively.

2.9.2.5 Restriction enzyme digestion of DNA

Enzymes for restriction cleavage of DNA were purchased from Thermo Fisher Scienti�c Inc.
(Waltham, MA, USA) and New England Biolabs Inc. (Ipswich, MA, USA). Digestions were
performed according to the manufacturer.

2.9.2.6 Blunting of DNA fragments

DNA End Repair Mix (Invitrogen GmbH, Karlsruhe, Germany) was used to repair the
ends of DNA fragments and thereby generate blunt-ends. Blunt-ended DNA was then used
for self-ligation or blunt-end ligation (see 2.9.2.7).

2.9.2.7 Ligation of DNA fragments

DNA fragments with compatible sticky-ends or blunt-ends were ligated using the T4-DNA
ligase (Thermo Fisher Scienti�c Inc., Waltham, MA, USA). In some cases, the incubation
time was increased to 60 min according to the suggestions in the manual.

2.9.2.8 Polymerase based cloning

Without suitable restriction sites or when seamless cloning was needed, Circular Polymerase
Extension Cloning (CPEC) was �rst choice (Quan & Tian 2009). Oligonucleotides with
overlapping regions were designed with j5 (v3.0.9; Hillson et al. 2012). These primers were
used to generate DNA fragments via PCR with at least 25 nucleotides overlaps (2.9.2.1).
The fragments were separated (2.9.2.2) and puri�ed (2.9.2.3) to be used in the actual
cloning reaction as described in detail by Quan & Tian (2011). The slow ramp annealing
step, described as optional for di�cult fragments, was always applied.

2.9.3 Screening for restriction endonucleases

A restriction assay was performed to screen for restriction endonucleases (Whitehead &
Brown 1985, mod.). For this purpose, 50 ml of a stationary culture were centrifuged at
3,500 x g for 10 min for the preparation of cell free extract (CFE). The pellet was washed
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with PENP bu�er (Matsushima & Baltz 1994) once and suspended in 4 ml of the same
bu�er. Cells were disrupted as described in 2.13.2 using the Ribolyser Precellys24 (Bertin
Instruments, Montigny-le-Bretonneux, France). The disrupted cells were centrifuged at
10,000 x g for 15 min at 4 °C and the pellet was discarded. The same volume of glycerol
as well as 1/5 of BSA (1 mg/ml) were added to the recovered supernatant and stored at
-20 °C.
Restriction endonuclease activity was assayed using the prepared CFE. Reaction mixtures
contained 0.5-1.6 µg plasmid DNA, 4 µl CFE (1:10 diluted with H2O), and 2 µl restriction
bu�er (Thermo Fisher Scienti�c Inc., Waltham, MA, USA) in a total volume of 20 µl.
Digestion occurred at 30 or 37 °C for 15 min to 4 h.

PENP bu�er

KH2PO4 0.53 g 3.9 mM
K2HPO4 1.06 g 6.1 mM
EDTA-Na 3.72 g 10 mM
NaCl 2.92 g 50 mM
PMSFa 0.035 g 0.2 mM
H2O ad 1,000 ml
a added prior to use

2.9.4 In vitro methylation of plasmid DNA

Methylation of DNA was carried out using CFE from C. aceticum (2.9.3) or heterologously
produced methylases (2.13.1).Therefore, DNA was methylated as described previously by
Butkus et al. (1985). The reaction mixture contained 53 µl TNE bu�er, 25 µl CFE, 80 µM
S-adenosylmethionine, 100 µg/ml BSA, and 0.5 - 5 µg plasmid DNA in a total volume of
100 µl. The reaction was prepared on ice and performed at 30 °C for 14 h. Afterwards,
DNA was puri�ed as described in 2.9.2.3.

TNE bu�er

Tris 0.61 g 50 mM
NaCl 0.29 g 50 mM
EDTA-Na 0.37 g 10 mM
H2O ad 100 ml

After mixing all components, the pH was adjusted to 7.5 using HCl.
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2.9.5 In vivo methylation of plasmid DNA

Plasmid DNA was methylated in vivo using methylation plasmids in E. coli. Therefore,
the methylation plasmid - containing a compatible, preferably low copy, origin of repli-
cation to the shuttle vector which should be methylated - was transformed into E. coli

(2.10.1.1). Next, the shuttle vector was transformed into the E. coli strain already har-
bouring the methylation plasmid (2.10.1.1 or 2.10.1.3). Plasmids were isolated (2.9.1.1)
yielding methylated shuttle vector together with the used methylation plasmid.

2.10 DNA transfer into bacteria

2.10.1 DNA transfer into E. coli

2.10.1.1 Transformation of chemically competent E. coli DH5α and XL1-Blue MRF’

Chemically competent E. coli cells were prepared according to Inoue et al. (1990) with
slight modi�cations. Single colonies were �rst inoculated in 5 ml LB overnight. This
culture was then used to inoculate 250 ml SOB medium to an OD600 of 0.1. Furthermore,
all centrifugation steps were performed at 4,000 g and 4 °C for 10 min. The competent
cells were �nally distributed as 200-µl aliquots to 1.5-ml reaction tubes, chilled in liquid
nitrogen, and stored at -80 °C.
The complete transformation was performed in a 1.5-ml reaction tube. Therefore, 200-µl
aliquots were thawed on ice prior to the addition of 50 - 1,000 ng of plasmid DNA. Duration
of the heat pulse was adjusted to 1 min with additional 10 min incubation on ice afterwards.
For the regeneration step, LB medium was used.

2.10.1.2 Transformation of chemically competent E. coli SCS110

Chemical competence of E. coli SCS110 was achieved using the CaCl2 method described
by Chan et al. (2013). The transformation steps were according to the transformation of
E. coli DH5α and XL1 blue MRF' (2.10.1.1) except that SOB medium was used for the
regeneration step.

2.10.1.3 Transformation of electrocompetent E. coli CA434 and XL1-Blue MRF’

Electrocompetent E. coli cells were prepared following the protocol of Dower et al. (1988),
but LB medium (2.5.1) was used for regeneration. The electrocompetent cells were dis-
tributed in 50-µl aliquots, chilled in frozen nitrogen, and stored at -80 °C.
The transformation was performed in a cooled 2-mm electroporation cuvette (Biozym Scien-
ti�c GmbH, Oldendorf, Germany). 50 µl electrocompetent cells were mixed with 50-250 ng
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plasmid DNA and an electro-pulse with a capacity of 25 µF, a voltage of 2,500 V, and
a resistance of 200 Ω was applied, using the Gene Pulser Xcell� (Bio-Rad Laboratories,
Inc., Hercules, CA, USA). Regeneration was conducted by adding 800 µl LB medium and
incubation on a Mixing Block MB-102 (Hangzhou Bioer Technology Co. Ltd., Hangzhou,
China) at 30 or 37 °C and 1,000 rpm for 60 min. The cells were then plated on LB agar
plates containing the appropriate antibiotic.

2.10.1.4 Retransformation into E. coli XL1-Blue MRF’

Retransformation is a procedure to get indirect evidence of E. coli shuttle vectors in dif-
ferent species, in this case acetogens. For this purpose, plasmid or whole genomic DNA
was isolated from the acetogen (2.9.1.2, 2.9.1.3) and transferred into E. coli as described in
2.10.1.1. As the shuttle vector harbours a suitable origin of replication, it is replicated by
E. coli and can be isolated (2.9.1.1). Retransformed plasmid DNA was used for analytic
restriction enzyme digestion as described in 2.9.2.5.

2.10.2 DNA transfer into acetogens

For the DNA transfer into acetogens di�erent protocols were used. Cultivation conditions
were adjusted to the corresponding organism as described in 2.5.2 and 2.7. Competent cells
were made in the anaerobic chamber and kept on ice during the di�erent steps. The electric
pulse was also applied in the anaerobic chamber using the Gene Pulser Xcell� (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). Items used during transformation and conjugation
were brought into the anaerobic chamber at least one day beforehand to get rid of residual
oxygen. Electroporation protocols are summarised in Table 7.

Conjugation: Williams et al. (1990) mod.

E. coli CA434 was cultivated overnight in 5 ml LB medium supplemented with tetracycline.
2 ml of this culture was transferred into a 1.5 ml reaction tube, centrifuged at 1,677 g for
1 min, and the supernatant was discarded. The reaction tube was transferred into the
anaerobic chamber and the E. coli pellet carefully dissolved in 200 µl C. aceticum culture
grown overnight at 30 °C in appropriate medium. The suspension was spotted onto a Tanner
mod. 8.1 agar plate and incubated overnight at 30 °C without inverting the plate. The
cell spots were washed from the agar using holding bu�er (K2HPO4, 14.5 mM; KH2PO4,
10.5 mM; MgSO4, 1.0 mM) and subsequently streaked on Tanner mod. 8.1 agar plates
supplemented with colistin and thiamphenicol.
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Sonoporation: Lin et al. (2010) mod.

C. aceticum was cultivated overnight in 5 ml medium. 500 µl were distributed on Hungate
tubes and 5 µg plasmid DNA was added. The culture with the plasmid was exposed to ultra
sonic waves using the Sonorex Super RK 255 (BANDELIN electronic GmbH & Co. KG,
Berlin, Germany) at 35 kHz for 10 - 60 s. After sonoporation, the culture was transferred
into 5 ml pre-warmed medium in Hungate tubes until growth occurred. Growing cultures
were transferred to 5 ml Hungate tubes containing appropriate antibiotics.

2.11 DNA sequencing and bioinformatics

2.11.1 Analytic Sanger DNA sequencing

Plasmid DNA and PCR fragments were sequenced using Sanger sequencing. Therefore,
samples and respective oligonucleotides were sent to GATC Biotech AG (Konstanz, Ger-
many). There, the samples were sequenced using the Sanger ABI 3730xl DNA Analyzer
(Applied Biosystems, Foster City, CA, USA). The resulting .ab1-�les harbouring the se-
quence and trace data were analyzed using CLC Main Workbench software (CLC bio v7.7.3,
Aarhus, Denmark).

2.11.2 Whole genome Illumina sequencing

Whole genome sequencing, based on the Illumina sequencing technology, was performed by
the Department of Genomic and Applied Microbiology & Göttingen Genomics Laboratory
(University of Göttingen, Germany). For this purpose, DNA was extracted as described
in 2.9.1.3 to generate shotgun paired-end libraries. The sequencing was performed using
the MiSeq reagent kit version 3 with a MiSeq instrument as described by the manufacturer
(Illumina, San Diego, CA, USA).

2.11.3 Whole genome MinION sequencing

2.11.3.1 Library preparation

The MasterPure�Gram Positive DNA Puri�cation kit (2.9.1.3) was used to isolate bacterial
genomic DNA. Thereby, wide-bore tips were employed to avoid DNA shearing. 1D and 2D
libraries were prepared using the protocols recommended by Oxford Nanopore Technologies
(Oxford, United Kingdoms).
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2.11.3.2 Sequencing

The �rst available MinION sequencing device, as well as the newer version MinION Mk1B,
were utilised to sequence whole bacterial genomes. Flowcells with the R7 pore were used in
combination with the former MinION, whereas �owcells with R9.4 pores were used for the
MinION Mk1B. The sequencing software MinKOWN was updated prior to sequencing to
ensure an up-to-date version for each run. In all cases, 48-hours sequencing routines were
selected. For the R7 pore, SQK_MAP006 sequencing protocol was used and SQK-LSK108
for the R9.4 pore. Sequencing runs with the R7 pore were basecalled using Metrichor as a
cloud-based solution. R9.4 sequencing data was basecalled locally using Albacore (v1.1.0).
Metrichor saves basecalled data as FAST5 �les, thus poRe (v0.21; Watson et al. 2015) or
poretools (v0.6.0; Loman & Quinlan 2014) were utilised to extract FASTQ sequences. For
Albacore, the optional �ags --recursive --output_format fastq were set to directly
save the basecalled sequences as FASTQ format. Both tools were also deployed to gather
sequencing statistics and visualize these.

2.11.4 Read trimming

The resulting reads of both sequencing techniques, Illumina and Nanopore, have adapter
sequences at the read ends. Those adapters are a requisite remnants that need to be
trimmed prior or during the assembly process. Most assembly softwares are capable
of trimming adapters in some way. However, trimming in advance, using specialised
software, may facilitate the assembly process (Wick et al. 2017). Therefore, Trimmo-
matic (v0.36; Bolger et al. 2014) was used for Illumina reads and Porechop (v0.2.3;
https://github.com/rrwick/Porechop) for Nanopore reads.

2.11.5 Genome assembly

Bacterial genomes were assembled using a variety of assembling and sca�olding tools. Illu-
mina reads were assembled using SPAdes (v3.10.1; Bankevich et al. 2012) with --careful

�ag set. Nanopore reads were assembled either with Canu (v1.5; Koren et al. 2017)
and stopOnReadQuality=false option or Unicycler (v0.4.4; Wick et al. 2017). Hybrid-
assembly approaches with short Illumina reads and long Nanopore reads were conducted
with HybridSPAdes (v.3.10.1; Antipov et al. 2016b) with the --nanopore �ag, Unicycler
with --mode bold and without (hereafter referred to as "HybridUnicycler"), or Canu in
combination with Pilon (v1.22; Walker et al. 2014) and Circlator (v1.5.5; Hunt et al. 2015).
In the latter approach, Pilon accomplished the polishing of the Nanopore long read as-
sembly with accurate Illumina short reads. Therefore, Illumina short reads were mapped
against the Canu assembly. This was achieved using Burrows-Wheeler Alignment Tool
(BWA) (v0.7.12; Li 2013). First, the contigs were indexed with bwa index, then Illumina
reads were mapped against the assembly utilising bwa mem. The resulting alignment was
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processed using SAMtools (v1.5; Li et al. 2009).The alignment SAM �le from BWA was
converted to BAM format with samtools view -b -Shu and subsequently sorted and in-
dexed using samtools sort and samtools index, respectively. The resulting alignment
was then used by Pilon to polish the Canu assembly (further this approach is referred to
as "HybridCanu").

2.11.6 Assembly statistics

Genome assembly statistics, as part of the validation process, were created using two dif-
ferent programs. On the one hand, Quast (v4.4; Gurevich et al. 2013) was utilised with-
out and with reference genome employing the -R option. On the other hand, Qualimap
2 (v2.2.1; Okonechnikov et al. 2016) was set to gather assembly statistics. Therefore, the
reads (Illumina-reads or Nanopore-reads) were mapped against the assembly utilising BWA.
Contigs were indexed using bwa index, reads aligned to the assembly with bwa mem -t 8

for Illumina data and bwa mem -t 8 -x ont2d for Nanopore data. The produced SAM �le
was converted via samtools view -b -S and sorted through samtools sort. The sorted
alignment �le in BAM format was processed by Qualimap 2 with the options bamqc -bam

-c -nw 400 -hm 3.

2.11.7 Assembly visualisation

Visualisation of assembly graphs, created by SPAdes assembler and Unicycler (2.11.5),
was achieved using Bandage (v0.8.1; Wick et al. 2015). Corresponding GFA �les were
read with Bandage, layout adjusted, and exported as SVG �le for further customisation.
Comparison of di�erent assemblies of the same organism were visualised with BLAST Ring
Image Generator (BRIG; v0.95; Alikhan et al. 2011). This tool was also applied to show
read coverage, for Illumina and Nanopore reads, across the assembly. For detailed analysis
and visualisation of read mapping in distinct areas, Integrative Genomics Viewer (IGV;
v2.4.7; Robinson et al. 2011, Thorvaldsdóttir et al. 2013) was used.

2.12 Microscopy

Light microscopy was used to determine uniformity of bacterial cell cultures using the
Axiostar plus (Carl Zeiss AG, Oberkochen, Germany) microscope. For this purpose, 10
µl culture were pipetted on an object slide. Cultures with high OD600 values were diluted
accordingly.
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2.13 Protein methods

2.13.1 Heterologous protein production in E. coli

Novagen's® pET system (Merck KGaA, Darmstadt, Germany) was used to clone the de-
sired genes and express them in the E. coli host strain. In order to produce a heterologous
protein, the encoding gene sequence was either used directly or tuned for the use in E. coli .
OptimumGene� Codon Optimisation Analysis (GenScript, Piscataway NJ, USA) was used
to modify the DNA sequence concerning codon usage, GC content, mRNA secondary struc-
ture, and repeat sequences. The gene-coding sequence was then cloned into the pET28a(+)
vector using the restriction enzymes NdeI and XhoI (2.9.2.5). The resulting production
plasmid was transformed into electrocompetent E. coli BL21(DE3) cells (2.10.1.3).
250 ml SOB (2.5.1) with the appropriate amount of kanamycin were inoculated to an OD600

of 0.1 from an overnight preculture. Growth under shaking at 37 °C was monitored until
an OD600 of 0.6 - 0.8 was reached. At this point, 1 mM IPTG was added to induce pro-
tein production. After 4 to 16 hours, cells were harvested (4,000 x g, 10 min, 4 °C), the
supernatant was discarded, and the cell pellet stored at -20 °C until further use.

2.13.2 Cell disruption

The cells were washed using appropriate bu�er prior to disruption. The �nal suspension
was transferred into cryo tubes containing 0.1 mm zirconia/silica beads (BioSpec Products,
Inc., Bartlesville, OK, USA). The mechanical disruption of the cells was performed in
these tubes using the Ribolyser Precellys24 (Bertin Instruments, Montigny-le-Bretonneux,
France). This was achieved by �ve cycles with 6,500 rpm for 45 s at 4 °C and cooling on ice
between each cycle. After centrifugation (10,000 g, 15 min, 4 °C), the cell free supernatant
was recovered for further analysis.

2.13.3 In vitro protein production

The in vitro protein production was performed using the PURExpress® In Vitro Protein
Synthesis Kit (New England Biolabs Inc., Ipswich, MA, USA) as described in the manual.
The pET28a(+) plasmid is suitable for the use with this kit, hence the same plasmids as
described in 2.13.1 were used as DNA template.

2.13.4 Purification of proteins

His-tagged proteins were puri�ed using Dynabeads® His-Tag Isolation and Pulldown
(Thermo Fisher Scienti�c, Waltham, MA, USA) or Capture� His-Tagged Puri�cation
Miniprep Kit (Takara Bio Inc., Kusatsu, Shiga, Japan) according to the manufacturer.
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Due to the small sample size and fast procedure, these methods were mainly used as pre-
liminary veri�cation of His-tagged proteins.

2.13.5 Determination of protein concentration

Protein concentrations were determined using the BCA� protein assay Kit (Thermo Fisher
Scienti�c, Waltham, MA, USA) following the manual. The manufacturer also provided
a BSA solution for standards. Samples were measured in a 96-well plate using a Tecan
in�nite M200 (Tecan Group Ltd., Männedorf, Switzerland) at 562 nm. The calibration
curve was calculated using a second order equation as recommended by the producer.

2.13.6 SDS-polyacrylamide gelelectrophoresis

SDS-polyacrylamide gelelectrophoresis was used to separate proteins according to their
molecular mass in a denaturating environment. The 15 % resolving gel and the 4 % stacking
gel were prepared using Rotiphorese® NF-Acrylamide/Bis-solution 40 % (29:1) (Carl Roth
GmbH & Co. KG, Karlsruhe, Germany) following the manufacturer's instructions.

2.13.7 Protein staining

To visualize the separated proteins on a polyacrylamide gel either Quick Coomassie® Stain
(SERVA Electrophoresis GmbH, Heidelberg, Germany) or Pierce� Silver Stain Kit (Thermo
Fisher Scienti�c, Waltham, MA, USA) were used according to the respective manufacturer.
The silver staining method is highly sensitive with a detection limit of 0.25 ng and was
therefore used to detect small amounts of protein. Coomassie staining, which is less sensi-
tive, was used in all other cases.

38



3 Experiments and results

3.1 Growth of C. aceticum on solid media

To develop an e�cient protocol for genetic modi�cation of a bacterium, growth on solid
media plates is required. Single colonies on agar plates are crucial to determine transfor-
mation e�ciencies and to select for potential positive recombinant strains. The standard
DSMZ medium 135 for C. aceticum, as well as the modi�ed version (2.5.2) used in this
study, require Na2S as reducing agent. However, sulphide damages palladium catalysts
used in the anaerobic chamber to maintain anoxic conditions (Sergeant & Bartlett 1955).
Therefore, the DSMZ 135 mod. medium cannot be used with Na2S as reducing agent.
Any attempt omitting N2S and relying solely on the reducing agent cysteine-HCl resulted
in solid medium very susceptible to oxygen. This was indicated by the redox indicator
resazurin used in the medium. Higher amounts of cysteine-HCl up to 2 g/l did not lead to
more robust solid DSMZ 135 mod. medium regarding sensitivity toward oxygen. Subse-
quently, no growth of C. aceticum on solid medium was possible, when Na2S was omitted.
Another attempt was to exchange Na2S by the sulfur-free, strong, and non-toxic reducing
agent Ti(III)-NTA (Moench & Zeikus 1983). DSMZ 135 mod. medium agar plates contain-
ing 0.6 mM Ti(III)-NTA proved to maintain a low redox potential indicated via colourless
resazurin. C. aceticum cells formed small, nearly colourless colonies on those plates, when
incubated in the anaerobic chamber at 30 °C. C. acetcium also showed growth in liquid
DSMZ 135 mod. medium with Ti(III)-NTA instead of Na2S. Unfortunately, C. aceticum
wildtype was able to grow in that medium supplemented with 15 µg/ml thiamphenicol after
3 days of incubation. To verify this observation, C. aceticum was incubated in liquid DSMZ
135 mod. medium supplemented with the equivalent amounts of Ti(III)-NTA and increas-
ing amounts of thiamphenicol. Cultures incubated in presence of 7.5 µg/ml thiamphenicol
showed growth after 1 day of incubation. Cultures containing 15 and 30 µg/ml thiampheni-
col showed growth after 3 and 6 days, respectively. Control cultures of C. aceticum in-
cubated in presence of equal amounts of thiampheniol, but supplemented with Na2S as
reducing agent, showed no growth in respective experiments. Those results indicated a
connection between the amount of Ti(III)-NTA and the ability of C. aceticum to grow in
presence of thiamphenicol.
Solid YTF medium (10 g/l yeast extract, 16 g/l tryptone, 4 g/l NaCl, 5 g/l fructose, pH
6.0) supplemented with antibiotics were used by Leang et al. (2013) to select for positive
recombinant C. ljungdahlii strains after transformation. However, C. aceticum needs al-
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kaline conditions for growth (Gottschalk & Braun 1981) and was therefore not forming
colonies on YTF agar plates. In consequence, 10 g/l Tris was used to bu�er the medium
at a pH of 8.1. Furthermore, the redox potential was maintained by adding 1 g/l cysteine-
HCl. Supplementation of 1 mg/l resazurin served as redox indicator. C. aceticum wildtype
cultivated on those plates showed 180 small uniform colonies per ml overnight culture.
Tanner mod. medium for C. ljungdahlii can also be used without Na2S when cysteine-HCl
is increased to 1 g/l (Bengelsdorf et al. 2016). Consequently, the medium was adjusted to
suit the needs of C. aceticum (2.5.2.1). For this purpose, pH of the medium was set to 8.1
and MES bu�er was exchanged by Tris to achieve a bu�er e�ect in this pH range. As a
result, C. aceticum showed similar growth compared to growth in liquid DSMZ 135 mod.
medium. Furthermore, 735 CFU/ml overnight culture were formed on Tanner mod. 8.1
plates.

3.2 Electroporation of C. aceticum using established
protocols

So far, no publication describes a stable and reproducible transformation or conjuga-
tion method for C. aceticum. Electroporation protocols established for acetogens such
as A. woodii and C. ljungdahlii were adapted and modi�ed to �nd a suitable method for
gene transfer into C. aceticum. Mainly the promising electroporation protocol based on
Leang et al. (2013) for C. ljungdahlii, which is also suitable for A. woodii (Ho�meister
et al. 2016), was used to obtain recombinant C. aceticum strains. Furthermore, a variety
of attempts based on the electroporation protocol described by Köpke et al. (2010) for
C. ljungdahlii, as well as Ukpong (2014) for C. carboxidivorans, were also carried out to
achieve recombinant strains of C. aceticum. Those electroporation procedures were per-
formed using pIMP-based plasmids and plasmids of the pMTL80000 series described by
Heap et al. (2009). The pMTL80000 plasmid series is a modular system for Clostridium-
E. coli shuttle plasmids. Therefore, this system is well suited for the application in di�erent
protocols and to expand the repertoire of shuttle plasmids even further.

3.2.1 Construction of Clostridium-E. coli shuttle plasmids

3.2.1.1 Construction of pMTL86151

C. aceticum harbours a plasmid of 5.7 kbp called pCACET. Investigation of the sequence of
that plasmid revealed a gene encoding a replication protein annotated as repB, as well as
a potential transcriptional regulator copG. Based on sequence information of pCACET,
both genes were synthesised with 326 bp of 5' UTR upstream of copG and 85 bp of
3' UTR adjacent to repB. AscI and FseI restriction sites were added at both ends of
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the synthesised fragment to �t into the pMTL80000 modular system. The synthesised se-
quence was delivered by ATUM (Newark, CA, USA) embedded in the plasmid prepB (Table
5). PrepB and pMTL83151 were both digested using restriction enzymes AscI and FseI,
fragments were puri�ed, and subsequently ligated (Figure 1). The resulting plasmid was
named pMTL86151 expanding the nomenclature used by Heap et al. (2009). Veri�cation
of pMTL86151 was performed by analytic digestion with EcoRI. Furthermore, the origin
of replication was sequenced (2.11.1) using primers pMTL86151_seq_1 to 3 (Table 5) to
exclude mutations. Positive E. coli clones containing mutation-free constructs were stored
as glycerol cultures at -80 °C (2.6.1) until used.

3.2.1.2 Construction of pMTL80551 series

The primary selection criteria after plasmid transformation is antibiotic resistance. To
ensure the development of such a resistance, the corresponding gene on the plasmid has to
be transcribed and translated. Although the catP resistance cassette of the pMTL80000
plasmid series was already successfully applied in di�erent Clostidrium species (Leang et
al. 2013; Pyne et al. 2013), as well as in E. coli, expression in C. aceticum cells cannot
be guaranteed. The fact that no stable transformation protocol is available, makes it
impossible to evaluate whether the promoter structure upstream of catP gene present in
respective plasmids of the pMTL80000 series is suitable to provide a selection marker in
order to obtain recombinant C. aceticum strains. However, Flüchter (2017) identi�ed the
promoter region of the acetate kinase gene (ackA) of C. aceticum via primer extension.

lacZ �

catP

traJ

repB

ColE1

copG

FseI

pMTL86151
4,828 bp

AscIlacZ �

repL

catP

traJ

ColE1

AscI

FseI

repB

copG

pMTL85151
3,729 bp

1,977 bp

prepB

Figure 1: Construction of the plasmid pMTL86151 using pMTL85151 as back-
bone and the synthesised origin of replication from prepB. Plasmids were di-
gested using AscI and FseI. lacZ α, lacZ α including multiple cloning site; repL, replicon
from B. subtilis plasmid pIM13; catP ; chloramphenicol resistance gene; ColE1, replicon for
E. coli ; traJ, conjugal transfer function; repB and copG, replicon from C. aceticum plasmid
pCACET.
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This gene product is crucial for energy metabolism, and the activity of the ackA promoter
(PackA) is therefore granted during growth of C. aceticum.
The seamless exchange of the original promoter upstream of the captP gene with PackA

was realised via CPEC. For this purpose, the identi�ed promoter region from C. aceticum,
with 33 additional bp upstream of the -35 region, was ampli�ed from genomic DNA using
primers CPEC_PackA_fwd and CPEC_PackaA_rev. Those primers were designed to
add nucleotides at each end of the PackA insert homologous to the catP insert and the
plasmid backbone. To avoid ampli�cation of the whole pMTL86151 backbone for seamless
cloning, only the catP gene with additional 100 bp at the 3'-end was ampli�ed. Primers
CPEC_catP_fwd and CPEC_catP_rev were designed to add bases to the 3'- and 5'-end
with homology to the PackA insert and the plasmid backbone, respectively. The pMTL86151
was digested using FseI and PmeI. The three linear fragments were used in a CPEC reaction
(2.9.2.8) and transformed into E. coli XL1-Blue MRF' (2.10.1.1). This resulted in a �fth
marker module represented by the third digit of the pMTL80000 series plasmid-designation-
code, for this instance pMTL86551. The cloning result was veri�ed via Sanger sequencing
using the primers CPEC_PackA_fwd and CPEC_catP_rev. Subsequently, the origin of
replication repB was exchanged via conventional cloning to obtain the plasmids pMTL82551
with the pBP1 replicon, pMTL83551 with the pCB102 replicon, pMTL84551 with the pCD6
replicon, and pMTL85551 with the pIM13 replicon (Figure 2).
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Figure 2: Cloning strategy for promoter exchange and depiction of the
pMTL80551 series. A. PackA was ampli�ed from C. aceticum genomic DNA adding
5'-homology to the pMTL86151 backbone plasmid and 3'-homology to the catP insert.
The catP insert was ampli�ed from the pMTL86151 plasmid adding bases at the 5'-end
of the ampli�ed region with homology to the PackA insert. The 3'-end of the catP insert
is already homologous to the backbone. The plasmid pMTL86151 was digested with FseI
and PmeI. The three linear fragments were combined by CPEC resulting in pMTL86551.
Replicons for Gram-positive bacteria were exchanged via the modular system. Homology
is indicated by dashed lines, not showing actual length. Primers are shown ( ). 1,
CPEC_PackA_fwd; 2, CPEC_PackA_rev; 3, CPEC_catP_fwd; 4, CPEC_catP_rev.
B. PackA promoter region. TSS, transcription start site; RBS, ribosome binding site; ,
bases left out for illustration; lacZ α, lacZ α including multiple cloning site; catP ; chlo-
ramphenicol resistance gene; ColE1, replicon for E. coli ; traJ, conjugal transfer function;
repA and orf2, replicon from C. botulinum plasmid pBP1; repH, replicon from C. butyricum
plasmid pCB102; repA, orfB, and oriV, replicon from C. di�cile plasmid pCD6; repL, repli-
con from B. subtilis plasmid pIM13; repB and copG, replicon from C. aceticum plasmid
pCACET.
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3.2.1.3 Construction of pMK1

Most open reading frames of the plasmid pCACET of C. aceticum have no similarities
to genes encoding known proteins and are therefore annotated as "hypothetical protein".
However, such a "hypothetical protein" might be essential for growth of C. aceticum. Thus,
losing the plasmid would be lethal. Consequently, the transforming plasmid has to co-exist
with pCACET. However, plasmid incompatibility might lead to loosing either plasmid.
Hence, either the antibiotic resistance conferred by the transforming plasmid or the poten-
tial essential "hypothetical protein" encoded on pCACET would be missing. To circum-
vent this problem, an E. coli/Clostridium shuttle vector was constructed harbouring all
genes of the plasmid pCACET (Figure 3). For this purpose, the E. coli replicon module
(ColE1 ) and the antibiotic resistance marker module (catP) from pMTL84151 were cut
with ApaI and FseI and puri�ed. As there are no compatible cleaving sites available on
the plasmid pCACET, the whole plasmid was linearised via ampli�cation starting between
locus tag CACET_5p00050 and CACET_5p00060 using primers CPEC_pMK1_fwd and
CPEC_pMK1_rev. The ampli�cate and the linearised modules from pMTL84151 sharing
overlapping regions at the ends were consequently combined in a CPEC reaction (2.9.2.8)
and transformed into E. coli (2.10.1.1). The resulting plasmid pMK1 harbours all genes
from the native C. acetcium plasmid pCACET, the ColE1 origin of replication from E. coli,
and the catP gene for selection.
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Figure 3: Cloning strategy for pMK1 construction. ColE1 and catP originate
from the plasmid pMTL84151. The pCACET plasmid was ampli�ed using the primers
CPEC_pMK1_fwd and CPEC_pMK1_rev. These primers have 5'-ends homologous to
the ColE1 and catP insert, indicated by dashed lines. Both fragments were combined
by CPEC resulting in pMK1. Primers are shown ( ). 1, CPEC_pMK1_fwd; 2,
CPEC_pMK1_rev. catP ; chloramphenicol resistance gene; ColE1, replicon for E. coli ;
repB and copG, replicon from C. aceticum plasmid pCACET.
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3.2.2 Test of different origins of replication

Successful transformation requires plasmid maintenance within host cells. Therefore, the
transforming plasmid needs to enter the cell and its replication by the host is required. A
selection of plasmids (Table 8) with di�erent origins of replication, which were shown to
replicate in di�erent Gram-positive bacteria (Azeddoug et al. 1992; Jennert et al. 2000;
Purdy et al. 2002; Heap et al. 2007), were used to transform C. aceticum. Each replicon
was tested at least 15 times with a maximum of 248 times regarding pIM13 origin of repli-
cation adding up to a total of 453 individual attempts. These experiments were performed
using Leang, Köpke, and Ukpong electroporation protocols (Table 7). However, a vast
majority of the performed transformations were carried out following the Leang protocol.
Veri�cation of recombinant strains were conducted via PCR (2.9.2.1) using speci�c primers
to amplify plasmid DNA (Table 6) and/or via retransformation of respective plasmid DNA
into E. coli (2.10.1.4) followed by analytic digestion of the corresponding plasmid DNA
(2.9.2.5). Although 453 individual electroporation attempts with 16 di�erent plasmids -
harbouring six di�erent origins of replication - were performed, no stable recombinant strain
could be achieved.

Table 8: Replicons for Gram-positives and corresponding plasmids used to transform
C. aceticum cells.

Replicon for
Gram-positives

Plasmids Electroporation
attempts

Recombinant
strains
obtained

pBP1 pMTL82151, pMTL82551 24 -

pCB102 pMTL83151, pMTL83551 15 -

pCD6 pMTL84151, pMTL84551 27 -

pIM13 pMTL85151, pMTL85551,
pIMP, pIMP_act,
pIMP_catP, pMW1,
pMW2

248 -

pCACET pMTL86151, pMTL86551 113 -

pIP404 pJIR750 26 -
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3.2.3 Variations of electroporation parameters

Electroporation is a physical process in which cells become permeable and take up small
molecules such as DNA. The permeability is conferred by the exposure to high-voltage
electric �elds leading to cell membrane rearrangements. While the exact mechanism of the
membrane changes is still unknown (Teissie et al. 2005; Chen et al. 2006), several studies
showed correlation between pulse parameters and transformation e�ciency (Jirásková et al.
2005; Pyne et al. 2013). To address this fact, several di�erent electroporation parameters
were tested in order to transform C. aceticum. Apart from the standard conditions of
the protocol described by Leang et al. (2013), several further adjustments were tested re-
garding electric parameters. Di�erent voltages, ranging from 625 to 2,500 V, were applied
(Table 9). The time constant τ of an exponentially decaying pulse is the duration until the
charge remaining is approx. 37 % of the original pulse. This pulse duration is described
to have an e�ect on transformation e�ciency (Dower et al. 1988; Park & Stewart 1990).
τ is the product of capacitance and resistance of the circuit. Thereby, capacitance can
either be set to 25 µF or 50 µF using the Gene Pulser Xcell� (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). Overall resistance consists of the resistance of the sample, in this case
bu�er solution with cells, and the system. The latter can easily be programmed, whereas
the sample resistance is in�uenced by sample volume, ionic strength of the electroporation
bu�er, gap width, and cell density. Table 9 shows the di�erent parameters tested in order
to alter overall resistance. Therefore, di�erent cuvette gap sizes ranging from 1 to 4 mm
were tested. The in-system resistances were set to 550, 600, and in�nite Ω, using volumes
ranging between 25 and 600 µl. Each set-up was tested at least �ve times followed by regen-
eration of the electroporated C. aceticum cells according to the Leang protocol (Table 7).
None of the mentioned con�gurations lead to stable recombinant strains of C. aceticum.
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Table 9: Di�erent electric parameters used to transform C. aceticum cells.

Voltage

(V)

Cuvette

gap

(mm)

Resistance

(Ω)

Volume of

cell-suspension

(µl)

Electroporation

attempts

Recombinant

strains

obtained

625 2 600 25 5 -

625 2 600 40 5 -

625 1 550 25 16 -

625 1 600 150 10 -

625 1 ∞ 150 10 -

800 2 600 25 5 -

800 2 600 40 5 -

1000 2 600 25 5 -

1000 2 600 40 5 -

1200 2 600 25 5 -

1200 2 600 40 5 -

2500 4 600 600 30 -

3.2.4 Variation of preculture and regeneration conditions

The level of cell competence is in�uenced by the time of cell harvest at di�erent growth
phases. All electroporation protocols described in 2.10.2 were based on cells harvested in
early exponential growth phase. Therefore, the times of cell harvest were adjusted to obtain
cells throughout the exponential growth phase. In terms of OD600 values, C. aceticum cells
were harvested between 0.2 for early exponential growth phase and 0.8 for late exponential
growth phase. Although no recombinant strains were achieved, a slight decrease of the
time constant during electric pulsing was observed, if the precultures for the competent
cells were harvested at higher OD600 values.
Osmotic strength and pH of the electroporation bu�er were described to e�ect the trans-
formation e�ciency of Clostridia species (Pyne et al. 2014a). SMP bu�er of pH 6.0 was
applied by Leang et al. (2013) to electroporate C. ljungdahlii cells and SMP bu�er of pH
7.4 to transform C. perfringens cells (Allen & Blaschek 1990). The optimal pH for cultiva-
tion of C. aceticum is slightly above pH 8 (Wieringa 1938; Gottschalk & Braun 1981) and
therefore SMP bu�ers with pH values of 6, 7, 7.5, 8, and 8.3 were tested for electroporation
of C. aceticum cells. Each SMP bu�er was used to wash the cells twice and �nally to
suspend the cells according to the Leang protocol (Table 7). Table 10 shows that each pH
was tested at least eight times with up to 33 times in the case of pH 7.5. None of these
conditions led to recombinant strains of C. aceticum. In addition to isotonic SMP bu�er
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Table 10: Di�erent SMP bu�ers used to transform C. aceticum cells.
SMP condition Electroporation attempts Recombinant strains obtained

pH 6.0 20 -
pH 7.0 8 -
pH 7.5 33 -
pH 8.0 8 -
pH 8.3 14 -

hypotonic 8 -
hypertonic 8 -

described in 2.6.2 with a sucrose concentration of 0.27 M, hypertonic (0.4 M) and hypotonic
(0.1 M) sucrose concentrations were used (Table 10). The variation of the osmotic pressure
of the electroporation bu�er did not lead to stable recombinant C. aceticum strains.
Electroporation protocols applied in this study (2.10.2) assume cell handling on ice with
pre-cooled bu�er. However, certain strains and species bene�t from room temperature
during the electroporation process (Jirásková et al. 2005). Therefore, several attempts to
electroporate C. aceticum cells at room temperature were performed not leading to recom-
binant strains.
In general, electroporation e�ciency of speci�c strains increases with the amount of DNA
used until a saturation level is reached. Moreover, plasmid DNA amounts above the sat-
uration level have no negative e�ect on transformation success (Dower et al. 1988; Pyne
et al. 2013). Therefore, amounts of plasmid DNA used for electroporation were varied
throughout this study ranging from at least 1 µg to 20 µg. As no positive recombinant
strain occurred, the optimal DNA concentration could not be determined.

3.2.5 DNA methylation using plasmid-borne in vivo methylation
systems

The restriction/modi�cation (R-M) systems of bacteria are often reported to be an ob-
stacle for successful electrotransformation. This enzymatic barrier can be overcome by in

vivo methylation of the transforming plasmid DNA in E. coli prior to transformation of
the same respective plasmid into Clostridia (Mermelstein & Papoutsakis 1993; Yang et
al. 2016). Therefore, methylation plasmids mediating speci�c methylation patterns listed
in Table 11 (see also Table 5) were used to methylate plasmid DNA (2.9.5). Methyla-
tion mediated by the methyltransferase (MTase) of the Φ3T B. subtilis phage encoded by
pANS1 can be veri�ed via SatI digestion. Thereby, the internal cytosine of the recogni-
tion sequence 5'-GCNGC-3' is methylated and SatI restriction digestion is abolished. The
recognition sequence of type I methyltransferases can be determined via single-molecule,
real-time (SMRT) sequencing. This was done for the methylase used in pACYC_McsaI
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Table 11: Di�erent methylation systems used to methylate plasmid DNA in vivo.
Methylation
plasmid

Origin of
methyl-
transferase

R-M
system

Recognition sequence of
methyltransferase

pANS1 B. subtilis Type II 5' - G-G-Cm5-C - 3'a

5' - G-Cm5-N-G-C - 3'ab

pMCaceS C. aceticum Type I
pMCljS C. ljungdahlii Type I
pACYC_McsaI C. saccha-

robutylicum
Type I 5' - G-Am6-G-N-N-N-N-N-N-G-T-G-G - 3'c

a Mermelstein & Papoutsakis 1993
b inhibition of SatI digestion
c Murray et al. 2012
Cm5: C(5)-methyl-cytosine
Am6: N(6)-methyl-adenine

(Murray et al. 2012). However, successful methylation cannot be tested as easily as in
the case of pANS1, because the corresponding type I endonucleases are not commercially
available.
A variety of shuttle plasmids were methylated by methyltransferases encoded on methyla-
tion plasmids (Table 12) prior to electroporation in C. aceticum cells. Plasmid DNA methy-
lation based on pMCaceS - harbouring a type I methyltransferase gene from C. aceticum

- followed by electrotransformation of the methylated plasmid into C. aceticum cells was
performed 162 times. Furthermore, pANS1, pMCljS, and pACYC_McsaI based in vivo

methylations prior to electrotransformation of plasmid DNA were performed 71, 58, and 9
times, respectively. Altogether, 300 transformations were performed using di�erent shut-
tle vectors that were methylated beforehand. However, no approach led to recombinant
C. aceticum strains.
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Table 12: Combinations of methylation plasmids and shuttle plasmids used for electropo-
ration of C. aceticum cells.

Methylation
plasmid

Methylated shuttle plasmid Electroporation
attempts

Recombinant
strains
obtained

pANS1 pIMP, pJIR750, pMTL82151,
pMTL82551, pMTL83551,
pMTL84151, pMTL84551,
pMTL85151, pMTL85551,
pMTL86151, pMTL86551

71 -

pMCaceS pIMP, pIMP_act, pIMP_catP,
pJIR750, pMTL82151,
pMTL82551, pMTL83551,
pMTL84151, pMTL84551,
pMTL85151, pMTL85551,
pMTL86151, pMTL86551,
pMW1, pMW2

162 -

pMCljS pIMP, pIMP_act, pMTL86151,
pMTL86551, pMW1, pMW2

58 -

pACYC_McsaI pMTL86151 9 -

3.3 Conjugation and sonoporation of C. aceticum

Clostridia not prone to electroporation may be genetically modi�ed by conjugation. This
was described for C. butyricum. While all attempts of González-Pajuelo et al. (2005) to
transform C. butyricum failed, Cai et al. (2011) were able to generate transconjugants. Con-
jugation is described to be applicable among a range of Clostridia using the same protocol,
while electroporation often needs speci�c conditions for each organism (Pyne et al. 2014a).
Therefore, the protocol described by Williams et al. (1990) was adapted to C. acetcium

(2.10.2). The pMTL80000 plasmid series harbours a transfer function module (traJ ) and
was used for all conjugation experiments. The procedure was carried out using di�erent
types of solid medium (3.1). Prior to conjugation, growth of E. coli CA434 on respective
media plates under anaerobic conditions was veri�ed. Conjugation using DSMZ 135 mod.
agar plates without Na2S did not yield any transconjugants. As mentioned before (3.1),
these plates showed reaction of resazurin during handling in the anaerobic chamber indicat-
ing a shift in the redox potential (Karakashev et al. 2002). Attempts to minimize the time
of the DSMZ 135 mod. agar plates in the anaerobic chamber were taken. Therefore, plates
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were incubated in anaerobic jars during mating and for outgrowth. The atmosphere of the
anaerobic jar was changed to N2/CO2 or H2 to ensure anoxic conditions. After mating,
cell suspensions of E. coli CA434 and C. aceticum were plated on agar plates suppressing
growth of E. coli CA434 through colistin and selecting for C. aceticum transconjugants via
thiamphenicol. No colony formation on selective agar plates was observed, thus conjuga-
tion was not successful under these conditions.
Supplementation of the DSMZ 135 mod. medium with Ti(III)-NTA led to stable mainte-
nance of low redox potential indicated by resazurin (3.1). Therefore, all incubation steps
were carried out in the anaerobic chamber. Formation of colonies was observed after 8 days
of incubation on selective plates supplemented with colistin and thiamphenicol. After re-
streaking of colonies on selective plates, colonies were inoculated in liquid DSMZ 135 mod.
medium containing colistin and thiamphenicol, where Ti(III)-NTA was exchanged with
Na2S. No growth was observed after this transfer and incubation of C. aceticum for several
weeks. However, growth could be observed, using selective liquid medium with Ti(III)-NTA
as reducing agent instead of Na2S, but several attempts to verify positive conjugation by
PCR or retransformation failed.
C. aceticum wildtype and E. coli CA434 were able to grow on solid Tanner mod. 8.1 and
YTF media, when incubated inside the anaerobic chamber at 30 °C (3.1). Therefore, the
complete conjugation procedure followed by selection on Tanner mod. 8.1 and YTF agar
plates was performed in the anaerobic chamber. However, growth of single colonies was
not observed.
Ultrasound-mediated DNA transfer or sonoporation is a method to genetically engineer
bacterial strains. Thereby, ultrasound creates microbubbles by acoustic cavitation, which
can form pores on the cell membrane. Protocols based on sonoporation require no special
bu�ers or prior cell treatment. The procedure is quick, straight forward (2.10.2), and was
applied for C. aceticum. Plasmid DNA of the pMTL80000 plasmid series and C. aceticum

cells were used while applying ultrasound for 10 - 60 s. Initial growth of C. aceticum
occurred after incubation overnight at 30 °C, but further incubation of respective cells in
selective liquid media supplemented with appropriate antibiotics concentrations inhibited
growth of cells. Thus, sonoporation of C. aceticum did not result in recombinant strains.

3.4 Investigating and overcoming the
restriction/modification systems of C. aceticum

Restriction/modi�cation (R-M) systems in bacterial strains are generally considered to pro-
tect cells against foreign DNA (Wilson & Murray 1991). Therefore, the R-M systems are
often responsible for low transformation e�ciencies of respective strains or even prevent
transformation. Thus, active R-M systems were identi�ed to overcome endonuclease activ-
ity of C. acetium. In silico analysis of the genome sequence of C. aceticum revealed ten
genes annotated as endonucleases and 84 genes annotated as methylases or methyltrans-

51



3 Experiments and results

Table 13: Potential R-M systems of C. aceticum.

Locus tag Product Description by REBASE

CACET_c15910 DNA adenine methylase
Dam

putative type II N4-cytosine or
N6-adenine DNA methyltransferase of
unknown recognition sequence

CACET_c22210 type I
restriction-modi�cation
system

putative Type IIG restriction
enzyme/N6-adenine DNA
methyltransferase of unknown
recognition sequence

CACET_c27150 DNA methylase
N-4/N-6

putative type II N4-cytosine or
N6-adenine DNA methyltransferase of
unknown recognition sequence

CACET_c27460 MvaI/BcnI restriction
endonuclease family
protein

putative type II restriction enzyme
probably recognizing CCWGG

CACET_c27470 modi�cation methylase
MvaI

putative type II N4-cytosine or
N6-adenine DNA methyltransferase
probably recognizing CCWGG

CACET_c31970 C-5 cytosine-speci�c
DNA methylase

putative type II cytosine-5 DNA
methyltransferase of unknown
recognition sequence

ferases. Those genes were further analysed using the REBASE database and resulted in
one putative type II restriction endonuclease (REase), one putative type IIG R-M system,
and four putative methyltransferases. These genes are shown in Table 13 with respec-
tive annotation and description from REBASE. Subsequently, endonuclease activity of
C. aceticum was screened by restriction assays (2.9.3) and results are shown in Figure 4A.
The recognition sequence CCWGG predicted by REBASE for the gene CACET_c27460
(see Table 13) was found nine times in the nucleotide sequence of pMTL86151. Additionally,
in silico digestion of this plasmid using MvaI predicted a banding pattern with fragments
of 3,521, 527, 358, 122, 116, 99, 70, 14, and 10 bp. CFE treatment of the respective plasmid
DNA showed highly similar restriction patterns under each bu�er condition, with bands
corresponding to approx. 3,500 bp, 500 bp, between 400 and 300 bp, and 100 bp. This
indicates that C. aceticum possesses an active restriction endonuclease with the recognition
site CCWGG. Furthermore, C. aceticum genomic DNA should have been protected by an
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active methylase, too. This issue was con�rmed by isolating the native plasmid pCACET
(see 2.9.1.2) and subsequent digestion using commercially available MvaI (Figure 4B). As
control, Eco72I was used to linearise pCACET leading to the expected fragment of approx.
5,700 bp on the agarose gel. The undigested plasmid showed the typical three bands for
supercoiled, linear, and relaxed plasmid. Digestion of the respective plasmid using MvaI
resulted in bands equal to the bands obtained from the undigested plasmid. Sequence
analysis of pCACET revealed two MvaI recognition sites leading to two fragments of 4,923
and 789 bp, if digestion would have occurred. However, Figure 4B shows no DNA frag-
ment with a size of 5,000 bp or less in the case of MvaI digestion. Thus, MvaI was not
able to digest the native plasmid isolated from C. aceticum. These results suggested an
active methylation system protecting DNA from MvaI digestion. According to the nomen-
clature proposed by Smith & Nathans (1973) and the suggested modi�cation by Roberts
et al. (2003), the identi�ed restriction endonuclease (CACET_c27460) and corresponding
methylase (CACET_c27470) were designated as Cac1496I and M.Cac1496I, respectively.

3.4.1 Methylation of plasmid DNA

3.4.1.1 In vitro methylation

Bacterial CFE can also be used to methylate DNA, if appropriate conditions are applied.
Most restriction endonucleases need the presence of Mg2+ ions to cut DNA (Matsushima
& Baltz 1994). By omitting Mg2+ from the bu�er and simultaneously adding S-adenosyl

Figure 4: Identi�cation of a R-M system of C. aceticum. A. Plasmid pMTL86151
digested by C. aceticum CFE using commercially available restriction bu�ers: 1, CutSmart;
2, Tango; 3, Red; 4, Green; 5, Blue; 6, Orange; 7, FastDigest. B. Digestion of the plasmid
pCACET isolated from C. aceticum with MvaI (1), Eco72I (2), and undigested (3). M,
GeneRuler DNA Ladder Mix.
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methionine (SAM), methylation activity can be promoted while restriction activity is de-
creased or even neglected (Donahue et al. 2000; Alegre et al. 2004; Lin et al. 2010). There-
fore, the same CFE from C. aceticum, already used in the restriction assay (3.4), was
employed for the in vitro methylation of plasmid DNA (2.9.4). After incubation with CFE,
plasmid DNA was puri�ed (2.9.2.3) and analysed by agarose gel electrophoresis revealing
intact plasmid DNA. This suggests successful abolishing of endonuclease activity. How-
ever, puri�ed plasmid DNA was completely digested by MvaI, as well as by CFE from
C. aceticum. Thus, the desired methylation activity could not be achieved by CFE and
plasmid DNA was still prone to the respective restriction endonucleases.
Another approach to methylate DNA in vitro was realised by heterologously produced
methylases. Therefore, the methylase M.MvaI from M. varians RFL19 was used for het-
erologous expression systems. The gene sequence of M.MvaI was codon-optimised regarding
requirements of E. coli BL21 DE3 (2.13.1) and synthesised by GeneArt� Strings� (Thermo
Fisher Scienti�c Inc., Waltham, MA, USA). Furthermore, a NdeI recognition site was intro-
duced at the 5'-end and a XhoI recognition site at the 3'-end of the coding sequence. NdeI
and XhoI were used to clone the M.MvaI gene into pET-28a(+) resulting in the plasmid
pET-28a(+)_M.MvaI encoding the M.MvaI methylase with N-terminal His-tag. Successful
cloning was veri�ed by Sanger sequencing using T7_promoter and T7_terminator primers
(Table 6). Recombinant E. coli BL21 DE3 harbouring the plasmid pET-28a(+)_M.MvaI
was used to produce the respective protein in vivo as described in chapter 2.13.1. Sub-
sequently, these recombinant E. coli cells were disrupted (2.13.2) and His-tagged proteins
were puri�ed (2.13.4). The predicted mass of M.MvaI with His-tag was 55.25 kDa, but
no prominent band of comparable mass was observed by SDS-PAGE. Nevertheless, total
protein fraction obtained after cell disruption was used to methylate plasmid DNA in vitro.
After performing restriction assays with C. aceticum CFE and MvaI, it turned out that
plasmid DNA was not protected against Cac1496I and MvaI digestion.
pET-28a(+) plasmids can also be used for in vitro protein production by applying the

PURExpress® In Vitro Protein Synthesis Kit (New England Biolabs Inc., Ipswich, MA,
USA). This kit was used to produce M.MvaI protein with pET-28a(+)_M.MvaI as tem-
plate. The enzymes provided by the kit, which were used in each reaction, had de�ned
amounts. Afterwards, the produced protein can be detected by SDS-PAGE (Figure 5). In
lane 1 and 2, it is shown that in vitro production of M.MvaI was successful indicated by
a prominent band with a molecular mass of approx. 55 kDa. This band is not present in
lane 3 of the positive control encoding a dihydrofolate reductase (DHFR) with 18 kDa.
Furthermore, no band displaying a protein of comparable molecular mass is present in lane
4 where just the reaction mixture was separated. Therefore, the protein band in lane 1 and
2 derived from the pET-28a(+)_M.MvaI template and the produced protein was actually
the methylase M.MvaI. Consequently, reaction mixture 1 and 2 were used to methylate
plasmid DNA as described in 2.9.4. However, plasmid DNA puri�ed after methylation was
not protected against Cac1496I digestion.
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3.4.1.2 In vivo methylation

In vivo methylation using E. coli strains was employed to protect plasmid DNA from re-
striction by C. acetium. The cloning of methylation plasmids was based on pANS1, which is
used to methylate DNA in vivo prior to transformation of C. acetobutylicum. Therefore, the
Φ3T B. subtilis phage methyltransferase gene of pANS1 was seamlessly exchanged by the
genes encoding the methylases M.Cac1496I and M.MvaI to ensure respective transcription.
The pANS1 backbone was ampli�ed using primers pMKS1_BB_fwd and pMKS1_BB_rev
to include homologous ends matching the M.Cac1496I insert. This M.Cac1496I in-
sert was ampli�ed from genomic DNA of C. aceticum using pMKS1_Insert_fwd and
pMKS1_Insert_rev to generate ends overlapping the pANS1 backbone as indicated in
Figure 6A. Both DNA fragments were puri�ed (2.9.2.3) and combined via CPEC (2.9.2.8)
resulting in the methylation plasmid pMKS1. The methylation plasmid pMKS2 har-
bouring the M.MvaI gene from M. varians RFL19 was cloned similarly. The M.MvaI
gene was ampli�ed from pET-28a(+)_M.MvaI using primers pMKS2_Insert_fwd and
pMKS2_Insert_rev generating ends homologous to the pANS1 backbone, which was cre-
ated via PCR using primers pMKS2_BB_fwd and pMKS2_BB_rev (6A). Again, frag-
ments were puri�ed and fused via CPEC. Both cloned plasmids were used to methylate
plasmid DNA. Successful methylation was tested via digestion using CFE from C. aceticum

and MvaI. Figure 6B shows the control digestion of pMTL84151 methylated in vivo with

Figure 5: Result of SDS-PAGE showing in vitro production of M.MvaI pro-
tein. M.MvaI production with PURExpress® In Vitro Protein Synthesis Kit and pET-
28a(+)_M.MvaI as template (1 and 2). DHFR control template provided by the manu-
facturer as positive control (3) and reaction mixture without template (4). M, PageRuler�

Prestained Protein Ladder.
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pMKS1. The same restriciton pattern for methylated plasmid DNA (lane 1 and 2) and
unmethylated plasmid DNA (lane 4 and 5) were obtained, indicating that plasmid DNA
is not protected against C. aceticum CFE and MvaI digestion. In vivo methylation using
pMKS2 also showed plasmid DNA degradation upon C. aceticum CFE andMvaI digestion.

3.4.2 Construction of protected plasmids

Since methylation of plasmid DNA was unsuccessful (3.4.1), it was still uncertain whether
the R-M system is the key to transform C. aceticum. Thus, an E. coli/Clostridium shut-
tle vector without the potential Cac1496I recognition sequence CCWGG was constructed.
Common E. coli/Clostridium shuttle vectors such as the pMTL80000 series harbour several
MvaI restriction sites (Figure 7A). The DNA elements traJ and lacZ are not necessary
for electrotransformation and can therefore be removed from the vector. Unfortunately,
common E. coli replicons such as ColE1 and p15a also include at least two MvaI restric-
tion sites. The plasmid pRedET-tetR from Gene Bridges GmbH (Heidelberg, Germany),

Figure 6: Cloning strategy and veri�cation of in vivo methylation by agarose gel
electrophoresis. A. Cloning of plasmids pMKS1 and pMKS2 through seamless exchange
of the Φ3T B. subtilis phage methyltransferase gene of pANS1 by the M.Cac1496I gene
and M.MvaI gene, respectively. Homology is indicated by dashed lines, not showing actual
length. Primers are shown ( ). 1, pMKS1_Insert_fwd; 2, pMKS1_Insert_rev; 3,
pMKS2_Insert_fwd; 4, pMKS2_Insert_rev; 5, pMKS1_BB_fwd or pMKS2_BB_fwd;
6, pMKS1_BB_rev or pMKS2_BB_rev; p15a, replicon for E. coli ; spcR, spectinomycin
resistance gene; B. Agarose gel verifying in vivo methylation of pMTL84151 with co-
resident pMKS1 by digestion with C. aceticum CFE (1), MvaI (2), and undigested (3).
Unmethylated pMTL84151 digested with C. aceticum CFE (4), MvaI (5), and undigested
(6) as control. M, GeneRuler DNA Ladder Mix.
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which possesses the temperature-sensitive pSC101 origin of replication not containing any
MvaI recognition sites, was used to clone a MvaI free plasmid. Starting with pMTL84151
as backbone, the plasmid was digested with AscI and FseI to remove all MvaI recogni-
tion sites and the resulting DNA fragment containing catP and the pCD6 replicon was
puri�ed. The temperature-sensitive pSC101 origin of replication was ampli�ed using the
primers pRedET_ORI_fwd and pRedET_ORI_rev, and pRedET-tetR as DNA template.
The ampli�ed DNA fragment and backbone DNA fragment were merged via CPEC yield-
ing the plasmid pMK84 (Figure 7A). Since functionality of the E. coli replicon and the
antibiotic resistance is granted by growing colonies on selective LB agar plates, the in-
tegrity of the pCD6 replicon was veri�ed by sequencing with the primers 84ORI_seq_1 -
4. The plasmids pMK83, pMK85, and pMK86 were constructed similarly utilising the
primer pairs CPEC_pMK83_fwd and CPEC_pMK83_rev, CPEC_pMK85_fwd and
CPEC_pMK85_rev, and CPEC_pMK86_fwd and CPEC_pMK86_rev, and backbones
pMTL83151, pMTL85151, and pMTL86151, respectively. Furthermore, all plasmids of the
pMK80 series were tested by digestion with C. aceticum CFE and MvaI. In both cases no
restriction occurred with the plasmids lacking respective recognition sites shown for pMK83
in Figure 7B. Treatment with C. aceticum CFE and MvaI resulted in the same banding
pattern compared to the respective undigested plasmid DNA. Linearisation with HindIII
showed a band between the marker bands of 4,000 and 5,000 bp. Consequently, the created
pMK80 series is protected against digestion by C. aceticum CFE and MvaI.
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Figure 7: Cloning strategy and veri�cation of the pMK80 series. A. Exchange
of the E. coli replicon, transfer function, and MCS module by the E. coli origin of repli-
cation from pRedET-tetR via CPEC. Replicons for Gram-positives of the pMTL80000
series were exchanged via AscI and FseI, or CPEC, except for pBP1 harbouring two MvaI
recognition sites ( ). Homology is indicated by dashed lines, not showing actual length.
Primers are shown ( ). 1, pRedET_ORI_fwd; 2, pRedET_ORI_rev. B. Agarose gel
of pMK83 digestion with C. aceticum CFE (1), MvaI (2), HindIII (3), and undigested
(4). M, GeneRuler DNA Ladder Mix; repA and oriR101, temperature-sensitive replicon
for E. coli ; lacZ α, lacZ α including multiple cloning site; catP ; chloramphenicol resistance
gene; ColE1, replicon for E. coli ; traJ, conjugal transfer function; repA and orf2, repli-
con from C. botulinum plasmid pBP1; repH, replicon from C. butyricum plasmid pCB102;
repA, orfB, and oriV, replicon from C. di�cile plasmid pCD6; repL, replicon from B.
subtilis plasmid pIM13; repB and copG, replicon from C. aceticum plasmid pCACET.
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3.4.3 Transformation of C. aceticum with protected plasmids

Plasmids of the pMK80 series have been proven to be una�ected by restriction by
C. aceticum CFE (3.4.2). These plasmids were used to genetically engineer C. aceticum
starting with the Leang protocol described in 2.10.2. After several attempts, one culture
transformed with pMK83 showed growth after four passages in selective medium. Ge-
nomic DNA was isolated from this culture to verify the presence of the plasmid by PCR.
Therefore, primers CPEC_pMK83_fwd and CPEC_pMK83_rev were used to amplify the
temperature-sensitive pSC101 origin of replication with a size of 2,002 bp (Figure 8A). The
same PCR was performed as control using pMK83 isolated from E. coli cells as template
DNA. The Agarose gel depicted in Figure 8A shows fragments of the same length in both
cases suggesting the presence of pMK83 in C. aceticum and a successful transformation.
Furthermore, the native plasmid pCACET seems to be co-resident in the recombinant
C. aceticum strain. This was tested by amplifying a part of repB of pCACET with the
primers pCACET_fwd and pCACET_rev. Resulting fragments showed the expected size
of 612 bp (Figure 8A). Thus, presence of pMK83, as well as the native plasmid pCACET

Figure 8: Veri�cation of transformation of C. aceticum. A. Agarose gel of PCR
targeting the E. coli origin of template pMK83 isolated from C. aceticum transformant (1)
and E. coli (2) with an expected fragment size of 2,002 bp. Ampli�cation of a part of repB
from the native C. aceticum plasmid pCACET isolated from C. aceticum transformant
(3) and C. aceticum wildtype (4). Expected fragment size is 612 bp. M, GeneRuler DNA
Ladder Mix. B. Agarose gel of PCR with pCACET as template isolated from C. aceticum
transformant (5) and C. aceticum wildtype (7) amplifying part of repB with a size of 612 bp.
PCR targeting a part of the E. coli origin of replication and the antibiotic resistance gene
catP on pMK83 isolated from C. aceticum transformant (6) and E. coli (8). Expected
fragment size is 1,218 bp. Analytic digestion of retransformed pMK83 originally isolated
from C. aceticum transformant (9) and directly from E. coli (10) with EcoRI. Expected
fragments: 1763 and 2618 bp. M, GeneRuler DNA Ladder Mix; M*, GeneRuler 1 kb DNA
Ladder.
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in the recombinant C. aceticum strain was veri�ed. Consequently, more attempts to trans-
form C. aceticum were carried out focusing on pMK83. Electroporation according to the
Molitor protocol described in 2.10.2 led to repetitive growth of recombinant C. aceticum
strains in selective medium. presence of pMK83 in the recombinant C. aceticum strains
were veri�ed by PCR using primers pMK83_fwd and pMK83_rev and genomic DNA of
the respective strains. The ampli�ed fragments contained part of the E. coli replicon and
part of catP and were expected to have a size of 1,218 bp. As a control, PCR with primers
pMK83_fwd and pMK83_rev was carried out with pMK83 isolated from E. coli as tem-
plate (Figure 8B). PCR with the primers pCACET_fwd and pCACET_rev amplifying
a part of repB of pCACET from genomic DNA of C. aceticum [pMK83] was performed.
Fragments of the same length, when ampli�ed from C. aceticum [pMK83] and C. aceticum

wildtype, indicate the presence of pCACET. Furthermore, recombinant C. aceticum strains
were veri�ed via retransformation of pMK83 (2.10.1.4) followed by isolation of pMK83
from retransformed E. coli cells and analytic digestion with HindIII. Figure 8B shows the
agarose gel with the respective banding pattern of the retransformed plasmid, as well as
the directly isolated plasmid from E. coli, both digested with HindIII. Additionally, the
16S rDNA of each recombinant C. aceticum strain obtained was ampli�ed using primers
GATC_fD1 and GATC_rP2 and sequenced using primers 16S-27f and 1492r at GATC
Biotech AG (Konstanz, Germany). Sequencing results con�rmed the identity of the re-
combinant C. aceticum strains by using BLAST search against the 16S ribosomal RNA
sequences database from the National Center of Biotechnology Information (NCBI). In all
cases, C. aceticum showed highest sequence identities between 99 - 100 %. Following the
Molitor protocol the transformation of C. aceticum was reproducible.

3.5 Transformation of C. formicaceticum

Based on 16S rDNA phylogeny, C. formicaceticum is a close relative to C. aceticum. Ge-
netic modi�cation of this organism was not reported so far. Consequently, the Molitor
protocol, successfully applied to C. aceticum (3.4.3), was used in a straight forward man-
ner to genetically engineer C. formicaceticum. Thereby, pMK83 was used as transforming
plasmid. Several transformation attempts following the Molitor protocol showed growth
of recombinant C. formicaceticum cultures after more than four passages in selective me-
dia. Genomic DNA was isolated from these cultures to verify the presence of pMK83 by
PCR. Therefore, primers pMK83_fwd and pMK83_rev were used to amplify part of the
temperature-sensitive pSC101 replicon and part of catP with the expected size of 1,218 bp.
As a control, the same PCR was performed using pMK83 isolated from E. coli cells as tem-
plate DNA. The Agarose gel depicted in Figure 9 shows fragments of the same length sug-
gesting the presence of pMK83 in C. formicaceticum cells. Furthermore, pMK83 originat-
ing from recombinant C. formicaceticum strains was retransformed in E. coli cells. pMK83
was isolated from retransformed E. coli cells to perform an analytic digestion with EcoRI.
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3.5 Transformation of C. formicaceticum

Figure 9 shows the agarose gel with the respective banding pattern of the retransformed
plasmid similar to the direct isolation from E. coli. Additionally, the 16S rDNA of each
recombinant C. formicaceticum strain obtained was ampli�ed using primers GATC_fD1
and GATC_rP2 and sequenced using primers 16S-27f and 1492r at GATC Biotech AG
(Konstanz, Germany). BLAST analysis of the sequencing results against the 16S riboso-
mal RNA sequences Database from NCBI revealed 99 - 100 % identity to C. formicaceticum
in all cases.

Figure 9: Veri�cation of transformation of C. formicaceticum. Agarose gel of PCR
targeting part of the E. coli origin of replication and the antibiotic resistance gene catP on
pMK83 isolated from C. formicaceticum transformant (1) and E. coli (2). Expected frag-
ment size is 1,218 bp. Analytic digestion of retransformed pMK83 originally isolated from
C. formicaceticum transformant (3) and directly from E. coli (4) with EcoRI. Expected
fragments: 1763 and 2618 bp. M, GeneRuler DNA Ladder Mix.
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3.6 Complete genome sequence of C. formicaceticum

Since C. formicaceticum was transformed for the �rst time during this study (3.5), a high
quality genome sequence for further metabolic engineering was needed. A hybrid assembly
of C. formicaceticum DSM 92 with ONT long reads and Illumina short reads was already
published (Karl et al. 2017). However, more sequencing data were produced and di�erent
assembly strategies were applied, compared, and evaluated during this study.

3.6.1 Sequencing of C. formicaceticum

C. formicaceticum was sequenced twice using ONT's MinION device. The �rst sequenc-
ing run was performed as part of the MinION Access Program (MAP) employing the
early access MinION device in combination with the R7 pore. 48 hours of sequencing re-
sulted in 31.587 reads obtained by 2D sequencing at 70 b/s. Thereby, both DNA strands,
the template and complement, were sequenced. Basecalling was performed via Metrichor
transforming the raw signal into corresponding bases via a Hidden Markov Model (HMM).
Furthermore, consensus of template and complement strand, computed by aligning both
strands during basecalling, increased sequencing quality. The total number of bases se-
quenced using the R7 pore adds up to 36,856,557 with an average and median read length
of 1,166 bases and 737 bases, respectively (Table 14). The maximal read length achieved
during this run was 14,930 bases. Distribution of R7 read lengths in combination with
respective quality scores (phred scores) is illustrated by a scatter plot with marginal his-
tograms (marginplot) in Figure 10A. Read quality was distributed around a phred score of
5 with a second population between phred scores of 9 and 12.5. The correlation between
read length, read quality, and read quantity is depicted by purple dots indicating a majority
of R7 reads with a length of approx. 700 bases and a phred score of approx. 5.
The second ONT sequencing run was performed with the updated MinION MK1B device
and the R9.4 pore. Since the updated device and pore, as well as the corresponding chem-
istry, drastically increased read quality and quantity, 2D sequencing was abolished when
1D sequencing became standard. 1D sequencing routine with the R9.4 pore allowed a se-
quencing speed of 450 b/s. Unfortunately, the 1D sequencing run was restarted three times
due to low yields of sequenced bases. In consequence, 1D sequencing was performed for 18
hours instead of 48 hours. However, 237,139 reads were produced resulting in 584,188,234
sequenced bases. The R9.4 read lengths were between 5 and 115,733 bases resulting in a
mean and median read length of 2,463 bases and 1,619 bases, respectively (Table 14). A
marginplot of read length vs. read quality showed a phred quality distribution between 6
and 10 for 1D sequenced reads (Figure 10B). Although sequencing was conducted for only
18 hours, the total yield of sequenced bases by the R9.4 pore was 15.9 times higher than
the sequencing yield with the R7 pore. Furthermore, C. formicaceticum was sequenced
by the Department of Genomic and Applied Microbiology & Göttingen Genomics Labo-
ratory (University of Göttingen, Germany) using Illumina MiSeq paired-end sequencing
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3.6 Complete genome sequence of C. formicaceticum

Table 14: Sequencing statistics for C. formicaceticum
Parameter Illumina MiSeq R7 pore R9.4 pore

Total reads 2,247,002 31,587 237,139
Total bases 383,336,786 36,856,557 584,188,234
Mean read length (b) 170 1,166 2,463
Median read length (b) 169 737 1,619
Min. read length (b) 50 127 5
Max. read length (b) 301 14,930 115,733
N50 207 1,691 3,977

(2.11.2). After adapter trimming with Trimmomatic (2.11.4), 2,247,002 paired-end reads
were counted resulting in 383,336,786 sequenced bases (14). Figure 10C shows a marginplot
of read length vs. phred score distribution of Illumina reads. 75.91 % of the total Illumina
reads have a phred score of 37 or 38. Comparing the three sequencing approaches, ONT
sequencing using the R9.4 pore produced most sequenced bases. Furthermore, the highest
mean and median read length of 2,462 and 1,619, respectively, as well as the maximum read

Figure 10: Marginplots of read length vs. mean quality of C. formicaceticum

sequencing approaches. A. ONT sequencing with R7 pore. B. ONT sequencing with
R9.4 pore. C. Illumina MiSeq paired-end sequencing.

63
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length of 115,733 bases were achieved by employing the R9.4 pore (Table 14). However,
Illumina reads showed by far the best sequencing quality depicted in Figure 10.
Reads generated by Illumina MiSeq paired-end sequencing and ONT sequencing using

the R7 and R9.4 pore were mapped against the C. formicaceticum reference genome using
BWA-MEM (2.11.7) and visualised using BRIG (Figure 11). The innermost ring illustrates
GC content variations around the mean value of 35.53 %. Starting at base one in clock-
wise direction until approx. 2,230,000, the GC skew was predominantly positive, whereas
in counter-clockwise direction the GC skew was predominantly negative (ring 2). Distri-
butions of read coverages are shown in the three outermost rings. Ring four represents R7

Figure 11: Circular representation of read coverage, GC content, and GC skew
based on the C. formicaceticum assembly by Karl et al. (2017). GC content and
GC skew are represented by the innermost plots (ring 1 and 2). Coverage distribution for
R7 [0 - 30 x], R9.4 [0 - 200 x], and Illumina [0 - 200 x] reads are shown in ring 3 - 5.
Coverage values greater than the given range are shown in blue. Visualisation was done
using BWA-MEM and BRIG.
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3.6 Complete genome sequence of C. formicaceticum

read coverage across the assembly with several regions of very low coverage and a few with-
out coverage (Figure 11). The mean R7 read coverage was 7.2 with a standard deviation of
±4.5. Ring �ve illustrates ONT R9.4 read coverage across the genome (Figure 11). Starting
at base one, the coverage decreased clockwise and counter-clockwise resulting in lower cov-
erage for the lower part of the circle, except between base 2,200,000 and 2,300,000, where
R9.4 reads coverage increased to more than 200 x. Mean coverage of 133.1 and standard
deviation of ±26.1 was calculated for R9.4 reads. The outermost ring represents Illumina
reads, which were over-present between base 1,000,000 and 1,900,000 compared to the rest
of the assembly. Mean coverage of Illumina reads was 83.3 x with a standard deviation of
±24.

3.6.2 Assembling the genome of C. formicaceticum

A hybrid genome sequence of C. formicaceticum DSM 92 was published using ONT reads
produced by the R9.4 pore and Illumina reads (Karl et al. 2017). Therefore, ONT long reads
were assembled using Canu, Illumina short reads were assembled using SPAdes, and a hy-
brid assembly was performed with long and short reads using HybridSPAdes. These three
assemblies were combined using the unpublished genome sequence of C. formicaceticum
ATCC 27076 available at NCBI (CP017603) as reference. Moreover, further assembly
strategies based on R7, R9.4, and Illumina reads were employed and evaluated during this
study.
The �rst available MinION device using the R7 pore was employed for sequencing as part
of the MinION Access Program (MAP). This phase started in 2014, when ONT provided
MAP participants with the MinION device, chemistry and protocols needed for library
preparation, and a basecalling solution. Di�erent quality assessment tools and assembling
softwares from third party developers were used on the same data sets. ONT reads produced
by the R7 pore were assembled employing the softwares Canu and Unicycler. However, both
softwares were not able to produce an assembly with the R7 reads only . Using R7 and
Illumina reads, hybrid assemblies with HybridSPAdes and HybridUnicycler yielded genome
sequences of 63 and 60 contigs, respectively. Table 15 shows assembly statistics of both
hybrid approaches, as well as the SPAdes assembly using only Illumina reads. Both hybrid
assemblies produced more contiguous results compared to the 101 contigs genome sequence
produced by SPAdes using only Illumina reads. HybridUnicycler assembled the largest
contig with 747,360 bp and showed the best N50, L50, N75, and L75 values (Table 15).
The total lengths of the two hybrid assemblies using HybridSPAdes and HybridUnicycler,
and the Illumina only assembly using SPAdes were approx. 4.5 Mbp with a GC content
of 35.4 %. HybridUnicycler produced the best genome representation concerning assembly
statistics, when R7 and Illumina reads were used (Table 15).
The MinION MK1B in combination with the R9.4 pore produced 7.5 times more reads
and 15.9 times more sequenced bases than the old chemistry with the R7 pore (Table
14). Furthermore, raw data was basecalled locally using Albacore storing the sequences in
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Table 15: Statistics of C. formicaceticum assemblies based on Illumina reads and ONT
R7 reads.
Assembly SPAdes HybridSPAdes HybridUnicycler

Total contigs 101 63 60
Largest contig 372,228 437,433 747,360
Total length 4,481,358 4,490,046 4,478,075
GC (%) 35.40 35.40 35.37
N50 199,316 243,103 286,822
N75 96,555 100,673 162,732
L50 9 8 6
L75 18 16 11

FASTQ format (2.11.3.2). The sequencing data produced by the R9.4 pore was su�cient
to compute assemblies using only ONT reads. Subsequently, the Canu software assembled
the whole genome sequence in six contigs. Furthermore, Unicycler using only R9.4 reads
trimmed by Porechop yielded �ve contigs. Interestingly, HybridUnicycler using R9.4 and
Illumina reads produced four times more contigs than the Unicycler assembly without Il-
lumina reads. However, the largest contig of the HybridUnicycler approach is twice the
length compared to the Unicycler approach with R9.4 reads only. Furthermore, the N50
and N75 values are higher, and the L50 and L75 are lower in case of the HybridUnicy-
cler assembly (Table 16). Although the HybridUnicycler and the HybridSPAdes pipeline
start by assembling Illumina short reads via SPAdes, the implementation of long reads by
the respective pipelines led to di�erent assembly statistics. The HybridUnicycler software
assembly has more contigs than HybridSPAdes. However, the largest contig produced by
HybridUnicycler accounts for 84.35 % of the total length of the genome assembly. The
HybridCanu assembly was computed using three individual tools. First, R9.4 reads were
assembled employing Canu, resulting contigs were polished by Pilon using accurate Illu-
mina reads, and �nally Circlator fused and circularised contigs using again R9.4 long reads.
This approach shows the best statistics concerning largest contig, N50, N75, L50, and L75
compared to the other assemblies shown in Table 16. Furthermore, GC contents of all R9.4
reads based assemblies were approx. 35.6 % and total lengths were approx. 4.5 Mbp.
Automatic annotation of the reference C. formicaceticum genome by the Prokka software
revealed 4,178 protein coding sequences (CDS). 3,614 CDS were assigned to Cluster of
Orthologous Groups (COGs) by eggNOG mapper. This resulted in 19 individual COGs,
which were merged to the four classes: (1) cellular processes and signalling, (2) information
storage and processing, (3) metabolism, and (4) poorly characterised (Figure 12). 1,161
gene products were not assigned to a distinct function, which represented 32 % of the
assigned CDS. 19 % of the assigned CDS belong to the of class cellular processes and
signalling, 16 % to information storage and processing, and 33 % to metabolism.
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3.6 Complete genome sequence of C. formicaceticum

Table 16: Statistics of C. formicaceticum assemblies based on Illumina reads and ONT
R9.4 reads.
Assembly Hybrid-

SPAdes
Canu Unicycler HybridCanu Hybrid-

Unicycler

Total
contigs

12 6 5 4 20

Largest
contig

1,824,457 1,842,448 1,881,786 4,428,662 3,858,981

Total length 4,574,602 4,496,217 4,568,522 4,477,121 4,574,711
GC (%) 35.52 35.58 35.67 35.55 35.55
N50 1,384,950 1,768,102 1,807,524 4,428,662 3,858,981
N75 835,845 1,768,102 1,807,524 4,428,662 3,858,981
L50 2 2 2 1 1
L75 3 2 2 1 1

Figure 12: Distribution of COG categories for C. formicaceticum genome se-
quence. 3,614 of 4,178 CDS were categorised to COGs by eggNOG mapper. Some CDS
were assigned to two COGs resulting in 3,643 assignments. Classes are illustrated by
coloured gradation.
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3.7 Complete genome sequence of C. coskatii

C. coskatii PTA-10522 is closely related to the industrial relevant strains C. au-

toethanogenum and C. ljungdahlii. However, the genome assembly available at NCBI
(GCA_001675205.1) is based on Illumina reads and therefore very fragmented. The whole
genome sequence of the available assembly is represented by 112 contigs, with a N50 value
of 90,816 and a L50 value of 16. E�cient metabolic engineering bene�ts from high quality
closed genome sequences. Therefore, C. coskatii was sequenced again using ONT sequenc-
ing.

3.7.1 Sequencing of C. coskatii

C. coskatii was sequenced using the early access MinION with R7 pore and 2D sequencing
routine. 70 b/s were sequenced by applying the 48 hours sequencing protocol. Thereby,
78,207 reads were produced, adding up to 174,795,460 totally sequenced bases. This re-
sulted in a mean read length of 2,235 bases and a median read length of 1,166 bases. The
longest read achieved during 48 hours of 2D sequencing was 32,296 bases (Table 17). Cor-
relation of read length and read quality is illustrated by a marginplot shown in Figure
13A. This marginplot revealed two read populations with phred scores between 2.5 and

Figure 13: Marginplots of read length vs. mean quality of C. coskatii sequencing
approaches. A. ONT sequencing with R7 pore. B. ONT sequencing with R9.4 pore. C.
ONT sequencing with R9.4 pore and reads longer than 5,000 bp. D. Illumina sequencing.
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3.7 Complete genome sequence of C. coskatii

Table 17: Sequencing statistics for C. coskatii
Parameter Illumina MiSeq R7 pore R9.4 pore

Total reads 2,049,738 78,207 1,726,828
Total bases 416,913,101 174,795,460 4,983,430,651
Mean length (bp) 203 2,235 2,885
Median length (bp) 208 1,166 2,326
Min length (bp) 50 120 5
Max length (bp) 301 32,296 252,708
N50 230 4,359 3,500

6, and between 9 and 12. The MinION MK1B device in combination with the R9.4 pore
produced 1,726,828 1D reads during 48 hours of sequencing. The respective total yield of
4,983,430,651 sequenced bases was 12 times higher than the Illumina MiSeq yield and 25.5
times higher than the R7 pore yield (Table 17). Average and median read lengths of R9.4
pore sequencing were 2,885 and 2,326 bases, respectively. The longest read sequenced with
the R9.4 pore was 252,708 bases, which is 5.5 % of the total genome sequence length of the
available C. coskatii draft genome GCA_001675205.1 at NCBI. Furthermore, a margin-
plot with read length and read quality distribution of R9.4 reads showed high occurrence
of 3.6 kbp reads indicated by dark purple dots (Figure 13B). Most R9.4 reads were short
of 2,000 bp indicated by the read length histogram. Moreover, the phred quality histogram
showed a high abundance of R9.4 reads between a value of 12 and 15. Figure 13C illus-
trates the read length vs. read quality of R9.4 reads with a minimal length of 5,000 bp.
The phred quality histogram showed read quality distribution similar to Figure 13B. Dark
purple dots illustrate high abundance of high quality reads with lengths of approx. 5,000 to
6,000 bp. The Illumina reads used in this study and for the C. coskatii GCA_001675205.1
assembly were the same. Respective sequencing statistics are shown in Table 17. A total
of 2,049,738 reads was produced, which resulted in 416,913,101 sequenced bases. Visuali-
sation of Illumina read length vs. read quality using a marginplot showed high abundance
of 300 bp reads (Figure 13D). Furthermore, reads with phred scores of 37 or 38 represented
72.84 % of the total reads achieved by Illumina MiSeq sequencing.

3.7.2 Assembling the genome of C. coskatii

Using only ONT reads produced by the R7 pore, it was not possible to assemble a full
genome sequence of C. coskatii. Depending on the assembling software, no or at least 50 %
too short genome sequences were computed compared to the C. coskatii assemblies shown
in Table 18 and 19, and to the draft assembly GCA_001675205.1 at NCBI. However, by
assembling R7 nanopore reads in combination with Illumina reads, the contig number was
reduced to 16 using the HybridSPAdes assembler and 9 using the HybridUnicycler assem-
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Table 18: Statistics of C. coskatii assemblies based on Illumina reads and ONT R7 reads.
Assembly SPAdes HybridSPAdes HybridUnicycler

Total contigs 121 16 9
Largest contig 239,801 1,459,367 1,583,203
Total length 4,538,956 4,609,556 4,613,551
GC (%) 31.06 31.21 31.22
N50 83,245 552,920 1,554,052
N75 54,133 347,944 1,440,674
L50 17 3 2
L75 34 5 3

Table 19: Statistics of C. coskatii assemblies based on Illumina reads and ONT R9.4 reads.
Assembly Hybrid-

SPAdes
Canu Unicycler HybridCanu Hybrid-

Unicycler

Total
contigs

7 2 7 2 2

Largest
contig

3.191.746 4.575.028 1.642.407 4,563,958 4.607.552

Total length 4.617.727 4.622.399 4.659.398 4,582,553 4.626.317
GC (%) 31.25 31.21 30.49 31.23 31.25
N50 3.191.746 4.575.028 1.383.397 4.575.028 4.607.552
N75 552.919 4.575.028 801.417 4.575.028 4.607.552
L50 1 1 2 1 1
L75 2 1 3 1 1

ble, which is, compared to the GCA_001675205.1 draft assembly, a reduction of 85.7 % and
92 %, respectively (Table 18). Both hybrid approaches assembled largest contigs of approx.
1.5 Mbp. However, the HybridUnicycler assembly showed a 2.8 times higher N50 value and
even a 4.1 times higher N75 value than the HybridSPAdes assembly. The SPAdes assembly
using Illumina reads only showed lower GC content and lower total sequence length com-
pared to the hybrid assemblies in Table 18.
C. coskatii was sequenced again using the MinION MK1B device and R9.4 pores. Hy-
bridSPAdes and Unicycler computed assemblies of seven contigs using R9.4 reads. Canu,
HybridCanu and HybridUnicycler produced assemblies with only 2 contigs. Consequently,
N50, N75, L50, and L75 values were represented by the largest contig in these cases (Ta-
ble 19). GC contents were approx. 31.2 % except in case of the Unicycler assembly being
30.49 %.
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3 Experiments and results

Since the R9.4 sequencing run produced tremendously more data than R7 or Illumina se-
quencing, data handling reached the limit of the high-end desktop PC (Intel® Core� i7,
16 Gb DDR4 RAM, SSD) used. HybridUnicycler and Canu assemblies produced "out of
memory" errors or halted the program without producing an output, if all produced R9.4
reads were used as input. Therefore, shorter R9.4 reads were discarded to create smaller
read subsets for the assembly process. By using these read subsets as input, a theoretical
mean coverage of more than 300 x was achieved in any following assembling approach.
The HybridUnicycler assembly was used as reference to illustrate read coverage across the
genome sequence of C. coskatii (Figure 14). Starting from the middle, the �rst ring il-
lustrates GC content deviations from the mean value of 31.25 % across the chromosome
contig (Figure 14A). GC skew is positive from base 1 to approx. base 2,300,000 in clock-
wise direction and negative in counter-clockwise direction. The R7 pore sequencing depth
ranges from 0 to 50 x illustrated in ring three (Figure 14A). A section of very high R7 read
coverage reaching 50 x and more (indicated in blue) is located between base 300,000 and
base 400,000. Furthermore, a region of comparatively low coverage is located between base
4,200,000 and base 4,300,000. The mean coverage produced by the R7 pore was 29.9 x with
a standard deviation of ±10. By using only R9.4 reads longer than 5,000 bp, an average

Figure 15: BLAST comparison of the C. coskatii plasmid derived from the
HybridUnicycler assembly with the plasmid from the HybridCanu assembly
and C. carboxidivorans P7 plasmid (CP011804). CDS predicted by Prokka are
illustrated in red in the �rst ring. The potential replication protein predicted by BLAST
is marked in blue. The middle ring shows a BLAST alignment of the smaller contig of
the HybridCanu assembly to the smaller contig of the HybridUnicycler assembly. The
outermost ring represents the BLAST results of the C. carboxidivorans P7 plasmid to the
smaller contig of the HybridUnicycler assembly.
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coverage of 320,9 x with ±59 standard deviation was achieved. Shown in ring four, the
distribution of mapped reads revealed several regions of very high coverage compared to
the mean value (Figure 14A). Furthermore, the region between base 4,200,000 and base
4,300,000, which was under-represented within R7 reads, also showed comparably low R9.4
read coverage. Starting at base 1, coverage of R9.4 reads longer than 5,000 bp decreases in
clockwise and counter-clockwise direction. The same tendency was observed in ring �ve,
when all R9.4 reads were mapped against the C. coskatii reference genome (Figure 14A).
Moreover, regions of more than 1,300 x coverage indicated in blue were distributed over
the coverage graph. Again, R9.4 reads coverage is low between base 4,200,000 and base
4,300,000. By mapping all R9.4 reads against the C. coskatii reference genome, a mean
coverage of 898.4 x and a standard deviation of ±157 was calculated. The outermost ring
represents Illumina read coverage with a mean value of 88 x and a standard deviation of
±37 (Figure 14A). Interestingly, the part under-represented with ONT reads showed con-
sistent distribution of Illumina reads.
The �nal C. coskatii assemblies comprised at least two contigs. Thereby, the larger con-
tigs represented 98.98 %, 99.60 %, and 99.59 % of the total assembly lengths computed
by Canu, HybridCanu, and HybridUnicycler, respectively. It was not possible to assem-
ble a single contig using high depth ONT sequencing data in combination with Illumina
reads, which indicated the presence of a native plasmid. Furthermore, the HybridUnicy-
cler software was able to assemble and circularise two complete contigs. Circlator used
in the HybridCanu approach was also able to circularise the smaller contig. This contig
shares high BLAST similarity to the smaller contig produced using the HybridUnicycler
pipeline (Figure 15). However, this might still be a misassembly, since the very close rela-

Figure 16: Physiological evidence of a native C. coskatii plasmid. A. Agarose gel
showing isolated plasmid from C. coskatii cells diluted in H2O (1) and 50 mM Tris-HCl
bu�er (2) prior to cell lysis. B. Agarose gel of PvuI digestion of the isolated plasmid (3
and 4). M, GeneRuler DNA Ladder Mix; M*, GeneRuler High Range DNA Ladder.
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tives C. ljungdahlii and C. autoethanogenum are not described to harbour a native plasmid
(Köpke et al. 2010; Humphreys et al. 2015). Consequently, further evidence for the pos-
session of a native plasmid in C. coskatii was needed. Coverage of ONT R7, ONT R9.4,
and Illumina MiSeq sequencing was computed for the potential plasmid contig, mapping
respective reads against the HybridUnicycler assembly as reference sequence (Figure 14B).
Thereby, R7 pore sequencing resulted in 670 x coverage and ±124 standard deviation.
ONT sequencing with the R9.4 pore achieved 2120 x coverage with a standard deviation
of ±188, when reads >5,000 bp were mapped against the potential plasmid. Mapping all
sequenced R9.4 reads against the potential plasmid reference sequence, 6277 x coverage and
±549 standard deviation was achieved. Illumina sequencing yielded a coverage of 600 x,
but has high �uctuation re�ected by a standard deviation of ±387. The coverage of the
small, potential plasmid, contig compared to the large, chromosome, contig was 29.9 times
higher mapping R7 reads, 6.6 time higher mapping R9.4 reads >5,000 bp, 7 times higher
mapping all R9.4 reads, and 6.8 times higher mapping Illumina reads, against the respec-
tive reference sequence. Furthermore, the potential plasmid contig had a GC content of
28.58 %, which was considerably lower compared to 31.25 % of the large contig.
Annotation of the smaller C. coskatii contig by the software Prokka predicted 18 CDS,
which are shown in Figure 15. However, 15 of the 18 CDS were annotated as hypothet-
ical proteins not providing any information about plasmid replication. BLAST search of
the whole potential plasmid against the nucleotide database at NCBI revealed a sequence

Figure 17: Distribution of COG categories for C. coskatii. 4,274 CDS were cate-
gorised to COGs by eggNOG mapper. Some CDS were assigned to two COGs resulting in
4,375 assignments. Classes are illustrated by coloured gradation.
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part with high identity to the plasmid p19 from C. carboxidivorans P7 (CP011804). Con-
sequently, the p19 plasmid sequence was aligned to the potential C. coskatii plasmid by
BLAST, which is shown in the outermost ring of Figure 15. One BLAST hit shared high
similarity to the C. coskatii CDS marked in blue. The respective C. carboxidivorans P7
plasmid sequence is annotated as "replication protein".
Furthermore, the protocol described in 2.9.1.2 was used to isolate the potential plasmid
from C. coskatii cells. The agarose gel in Figure 16A shows two faint bands of approx.
15 kbp and 2.2 kbp in both lanes, while the right lane shows less background signal than
the left one. Digestion of the two plasmid preparations with PvuI is shown in Figure 16B.
The expected fragment sizes of 11,949 bp and 6,826 bp were based on the HybridUnicycler
assembly sequence. The assembly results, the di�erences in GC content and read coverage
between the small contig and the chromosome contig, the BLAST results, and the analytic
digestion prove that C. coskatii harbours a native plasmid.
Thus, the HybridUnicycler assembly represents a high quality and complete genome se-
quence with two closed contigs. Therefore, the whole genome sequence was annotated
using Prokka, which revealed 73 tRNAs, 12 rRNAs, 1 tmRNA, 2,655 protein coding genes
with predicted function, and 1,619 genes coding for hypothetical proteins. Furthermore, the
Prokka pipeline identi�ed four CRISPR repeats with 11, 12, 5, and 15 spacers. All CDS
predicted by Prokka were assigned to COG categories by eggNOG mapper (Figure 17).
EggNOG mapper could not predict a function for 1,707 CDS, which represents 39 % of
total CDS. 15 % of the CDS were assigned to the class of cellular processes and signalling
shown in blue. CDS involved in information storage and processing are shown in green,
which corresponds to 13 % of total CDS. 32 % of CDS were predicted to be involved in
metabolism. Moreover, eggNOG mapper assigned 2,426 CDS with a KEGG Orthology
(KO) identi�er.
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4.1 DNA transfer into C. aceticum

Acetogens are able to �x CO and CO2 from waste gas streams and syngas, while producing
biofuels and precursors for further chemical compounds. Using these cheap and abundant
gaseous substrates for fermentation, greenhouse gas emission is actively reduced, while im-
portant bulk chemicals or biofuels such as 2,3-butanediol, acetate, ethanol, and butanol
are naturally produced (Schiel-Bengelsdorf & Dürre 2012). Therefore, acetogens are very
interesting for biotechnological applications and further research to increase productivity.
A. woodii and C. ljungdahlii are acetogenic model organisms and genetically accessible.
Hence, metabolic engineering is feasible to enhance product yields or gain chemicals not
naturally produced by the respective acetogen. Thereby, the carbon �ux is redirected to
the desired product by disrupting certain genes of concurrent synthesis pathways (Köpke
et al. 2016). Moreover, heterologous genes are expressed to gain chemicals, which are not
naturally occurring in the respective acetogen's metabolism (Ho�meister et al. 2016). Fur-
thermore, a combination by redirecting the carbon �ux into a heterologous pathway which
is introduced into the acetogenic bacterium, is already feasible (Woolston et al. 2018). Ge-
netic modi�cation of acetogens has an important role in industrial applications, but is also
important for basic research to elucidate the complex network of acetogenic metabolism
(Bengelsdorf et al. 2016). Accordingly, genetic accessibility is paramount for the devel-
opment of superior industrial strains and the understanding of acetogenic physiology and
genetics.
Based on 16S phylogeny, A. woodii, C. ljungdahlii, and C. aceticum belong to the same
order (clostridiales), but di�erent families (eubacteriaceae, clostridiaceae, and peptostrep-
tococcaceae), thus, being not closely related (Bengelsdorf et al. 2018). Consequently, ge-
netic modi�cation procedures applicable for these model organisms cannot be transferred
to C. aceticum without modi�cations (Mercenier & Chassy 1988). Such procedures fol-
low three di�erent mechanisms: (1) conjugation, (2) transduction, and (3) transformation.
However, conjugation and transformation are the methods predominantly used to trans-
fer DNA to clostridia. Thereby, modi�cations concern pretreatment of cells, variations in
the actual gene transfer steps, properties of the transforming DNA, and regeneration after
DNA transfer in combination with appropriate selection for recombinant strains (Pyne et al.
2014a). Metabolic engineering of C. aceticum is of special interest, because it harbours an
Rnf complex for energy conservation during autotrophic growth and a cytochrome, which
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might help overcome energetic barriers in compound production otherwise not feasible by
energy-limited acetogens (Poehlein et al. 2015). To elucidate the role of the cytochrome
and produce recombinant C. aceticum strains, a protocol for gene transfer was developed
during this study.

4.1.1 Shuttle-vector plasmid construction

Suitable shuttle-vectors for DNA transfer into C. aceticum have to ful�l certain require-
ments: (1) replication in a host, preferably E. coli, to produce and isolate shuttle-vector
DNA, (2) antibiotic marker for selection, (3) replication and maintenance in C. aceticum

cells, and (4) a transfer function in case of conjugation. The pMTL80000 plasmid series
(Heap et al. 2009) and pIMP-based plasmids (Böhringer 2002) ful�l these requirements and
were used as basis for the development of a DNA transfer protocol to obtain recombinant
C. aceticum strains.
These plasmids harbour the ColE1 replicon required for replication in E. coli cells. ColE1
is a high copy ORI leading to several hundred copies of the plasmid per E. coli cell (Her-
sh�eld et al. 1974) and yield high plasmid DNA concentrations using standard miniprep
plasmid isolation kits (2.9.1.1).
Selection of recombinant strains is achieved using antibiotic selection markers. Predomi-
nantly, the antibiotics erythromycin/clarithromycin or thiamphenicol/chloramphenicol are
used to select for recombinant cells harbouring plasmids with ermB/ermC or catP an-
tibiotic resistance genes, respectively (Heap et al. 2007). Transformation of C. aceticum
with pIMP-based plasmid DNA occasionally showed growth in media supplemented with
clarithromycin while molecular veri�cation of recombinant strains possessing respective
plasmid DNA was not achieved. The minimal inhibitory concentration (MIC) of every
prepared batch of clarithromycin was determined using C. aceticum wildtype cells in 5 ml
liquid medium. Thus, higher concentrations than the MIC were used for selection of re-
combinant strains. Resistance to macrolide-lincosamide-streptogramin B (MLS) antibi-
otics, such as erythromycin/clarithromycin, is conferred by: (1) adenine N6-methylation
of 23S rRNAs due to reduction of ribosomal a�nity for MLS antibiotics, which is the
mechanism of ErmB/ErmC (Lai & Weisblum 1971; Lai et al. 1973a; Lai et al. 1973b;
Skinner et al. 1983), (2) inactivation of MLS via macrolide phosphotransferases (Kono et
al. 1992; Noguchi et al. 1997; Chesneau et al. 2007), (3) e�ux via ABC-macrolide trans-
porter (Kobayashi et al. 2001; Tikhonova et al. 2007) and (4) single base exchanges in 23S
rRNA again leading to reduced a�nity for MLS antibiotics (Vannu�el et al. 1992; Vester
& Douthwaite 2001). The gene rlmN of C. aceticum encodes a 23S rRNA m(2)A-2503
methyltransferase (EC 2.1.1.192) predicted to be involved in rRNA processing, tRNA pro-
cessing, and/or antibiotic resistance (https://www.uniprot.org/uniprot/P36979). There-
fore, the gene product of rlmN might be involved in the occasional observed clarithromycin
resistance of C. aceticum. Genome annotation of C. aceticum revealed two genes encod-
ing macrolide phosphotransferases (CACET_c26700 and CACET_31010) and one gene
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encoding a macrolide transport system ATP-binding/permease protein (CACET_23230).
Furthermore, BLAST search against the Comprehensive Antibiotic Resistance Database
(Jia et al. 2017) suggested macrolide resistance conferred by 23S rRNA mutation. Alto-
gether, resistance of C. aceticum against erythromycin/clarithromycin seems obvious, even
though evidence of the actual mechanisms is based on in silico research. Since the MIC
of clarithromycin for C. aceticum could be determined, occasional growth in media sup-
plemented with clarithromycin concentrations higher than the MIC gave the impression
of successful transformation. This might be related to the underlying mechanism of MLS
resistance development. Resistance conferred by inducible systems based on attenuation,
such as the ermC -type resistance mechanism (Gryczan et al. 1980; Dubnau 1985), and loss
of a�nity of the 23S rRNA towards clarithromycin depend on the total amount of cells in
the cell suspension and, ultimately, on the total number of ribosomes in the suspension.
In consequence, application of clarythromycin to C. aceticum cultures of high cell density,
even though resulting in clarithromycin concentrations above the determined MIC, might
occasionally induce the natural resistance mechanisms of C. aceticum. Using even higher
clarithromycin concentration can circumvent induction of natural resistances and promote
selection of constitutively expressed plasmid-based MLS resistances (Martin et al. 1987;
Swin�eld et al. 1990; Heap et al. 2007). However, this would only lead to a preliminary se-
lection and might consequently promote natural resistance, thereby abolishing the selection
pressure towards recombinant strains. Without the antibiotic selection pressure, plasmid
loss over time is very likely. In any case, clarithromycin is not suitable for selection of
recombinant C. aceticum strains and therefore, pIMP-based plasmids were not used any
further.
False positive recombinant C. aceticum strains were not observed using thiamphenicol
for selection. Since the transcription initiation elements used to transcribe catP orig-
inate from C. perfringens, functionality of the thiamphenicol resistance cassette of the
pMTL80000 plasmids in C. aceticum cannot be granted. Therefore, the catP promoter re-
gion of the pMTL80000 plasmid series was exchanged by the ackA promoter of C. aceticum
described by Flüchter (2017) (3.2.1.2, Figure 2). The ackA gene encodes an acetate kinase,
which catalyses the reaction from acetyl phosphate to acetate gaining one ATP. Acetate
is the main metabolic product of C. aceticum and therefore, the PackA promoter can be
considered active during cell growth. Nonetheless, with the successful transformation of
pMK83 (3.4.3), it turned out that the original thiamphenicol resistance cassette from the
pMTL80000 series is functional in the recombinant strain C. aceticum [pMK83].
Replication of transforming plasmids in C. aceticum cells is dependent on suitable ORIs.
Therefore, di�erent replicons shown to be functional in several Gram-positives (Heap et al.
2009) were used to gain recombinant C. aceticum strains. The pMTL80000 plasmid series
o�ers four di�erent ORIs: (1) pBP1 from C. botulinum, (2) pCB102 from C. butyricum,
(3) pCD6 from C. di�cile, and (4) pIM13 from B. subtilis. Moreover, genome sequencing
of C. aceticum revealed a potential ORI of the native plasmid pCACET, which was cloned
into the pMTL80000 plasmid series resulting in the plasmid pMTL86151 (Figure 1). Using
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the same ORI as the native plasmid might lead to plasmid incompatibility described as
"the inability of two di�erent plasmids to coexist stably in the same host cell in the absence
of continued selection pressure." (Novick et al. 1976). Plasmid incompatibility is caused
by a competitive situation of the plasmids toward the replication machinery of the cell and
disturbance of the partitioning mechanism responsible for the inheritance of the plasmid.
This leads to uncorrected �uctuations of plasmid copy numbers in the cell and ultimately
to the loss of one plasmid (Novick 1987). Still, selection pressure favouring pMTL86151 is
conferred by supplementing the media with thiamphenicol. This should lead to selection
of C. aceticum cells harbouring pMTL86151 and pCACET, if pCACET holds essential
genes. Otherwise, with thiamphenicol being the only selection pressure, C. aceticum cells
harbouring only pMTL86151 should be obtained. To totally circumvent problems invoked
by potentially essential genes on the plasmid pCACET, the plasmid pMK1 was constructed
(Figure 3). This plasmid harbours all genes from pCACET, including the native ORI, to-
gether with catP to apply antibiotic selection pressure and ColE1 for replication in E. coli

cells. In consequence, pMK1 should be favoured over pCACET, if respective selection
pressure is applied. However, it turned out that the pCB102 replicon from C. butyricum is
compatible with the pCACET replicon in recombinant C. aceticum [pMK83] cells leading
to co-existence of both plasmids (3.4.3). Nevertheless, plasmid stability is not desired in
every case and therefore, pMTL86151-based plasmids might be interesting for applications
where subsequent plasmid curing is needed.

4.1.2 Electrotransformation of C. aceticum

Electroporation is a transformation technique commonly employed because of its technical
simplicity, great reliability, independence from donor species, and high e�ciency of plasmid
transfer (Pyne et al. 2013). Since clostridia are regarded as di�cult to transform and no
general electrotransformation protocol is available (Pyne et al. 2014a), protocols established
for di�erent clostridial strains were applied and modi�ed to transform C. aceticum cells. A
general electrotransformation work�ow with possible modi�cations at each step is shown
in Figure 18. Beginning with growth of respective cells, cell harvest, plasmid DNA used,
electroporation parameters, recovery, selection, and veri�cation of recombinant strains each
step was modi�ed to achieve a suitable electroporation protocol.
The cell wall of Gram-positive bacterial cells impose a physical barrier for plasmid DNA.
Thus, the physiological state of electrocompetent cells is an important factor regarding
electrotransformation (Aune & Aachmann 2010). Hence, the time of cell harvest is impor-
tant since the cell wall undergoes steady remodelling during growth. Most clostridia species
transformed so far are harvested during exponential growth phase (Pyne et al. 2014a). For
this reason, C. aceticum cells were harvested throughout the exponential growth phase
(Table 7). Following the Molitor protocol showed that transformation of C. aceticum is
possible using precultures with an OD600 between 0.2 and 0.5. However, the best time of cell
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harvest could not be determined, because a method to determine transformation e�ciency
for C. aceticum is still missing. Furthermore, the addition of cell wall weakening additives
during growth can be crucial for electrotransformation or at least confer higher transforma-
tion e�ciencies (Zhu et al. 2005; Cui et al. 2012). Peptidoglycan cross-linking de�ciency is
suggested to be responsible for the cell wall weakening properties of DL-threonine, although
the actual mechanism is still unknown (Chassy 1976; McDonald et al. 1995). Several studies
showed an increase of transformation e�ciency upon DL-threonine treatment (Köpke et al.
2010; Pyne et al. 2013). Therefore, DL-threonine treated and untreated C. aceticum cells
were transformed using the Molitor protocol leading to recombinant C. aceticum strains
under both conditions. Since transformation e�ciency could not be determined (4.1.3), the
e�ect of DL-threonine was not evaluated.
The actual electroporation event during electrotransformation takes place in a cuvette by
applying an electric �eld. Thereby, high-voltage pulses polarize the cell membrane resulting
in transient pores, if a certain threshold is exceeded (Knight & Scrutton 1986). Samuels &
Garon (1997) presumably discovered those pores in the cell membrane of Borrelia burgdor-

Growth:

additives,

growth phase

Cell harvest:

EPB, temperature,

centrifuge speed

Electroporation:

time constant, electric field,

pulse form

Plasmid DNA:

size, methylation, ORI, AB
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Recovery:

time, medium

Selection:

solid, liquid,

efficiency

Verification:

PCR, plasmid extraction,

retransformation
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Figure 18: Electrotransformation work�ow and applied modi�cations at each
step.
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feri using electron microscopy. Dark-stained regions appeared after applying an electrical
current disappearing again after 30 min of recovery. Experiments with arti�cial lipid bi-
layers showed that pores are formed in 10 ns and reseal within seconds being permeable
for DNA molecules during this time (Tarek 2005). Although pore formation due to high-
voltage pulses is generally regarded as the mechanism behind electroporation, it should be
noted that the entire mechanism is not completely elucidated (Teissie et al. 2005; Chen
et al. 2006). Nevertheless, transformation of whole bacterial cells via electroporation is
applied since the 1980s (Chassy et al. 1988) with C. perfringens and C. beijerinckii being
the �rst electrotransformed Clostridium strains (Allen & Blaschek 1990; Oultram et al.
1988). While the mechanism of electroporation is not entirely clear, the physics of the
applied pulse and respective possibilities to vary pulse parameters are known. The electric
�eld applied is the quotient of voltage and cuvette gap size. Higher electric �elds may
introduce more pores, which increases the probability of plasmid DNA entering the cell.
However, the formation of too much pores, which irreversibly damages the cell, leads to cell
death. Therefore, the electric �eld strength of highest transformation e�ciency is between
the lower threshold voltage to form pores and the critical lethal voltage, which is speci�c
for di�erent strains (Dower et al. 1988; Dunican & Shivnan 1989; McDonald et al. 1995).
During this study, di�erent electric �elds were applied in order to �nd this speci�c range
and generate recombinant C. aceticum strains (Table 9). Following the Leang protocol
with SMP as electroporation bu�er, electric �elds between 3.13 and 6.25 kV/cm were ap-
plied using 1, 2, and 4 mm cuvettes with 25 - 600 µl of cell suspension (Table 9). However,
these conditions did not lead to recombinant C. aceticum strains. Further increase of the
electric �eld to 7.50 kV/cm and above led to arcing and therefore, higher electric �elds are
not applicable with this protocol. 12.5 kV/cm applied according to the Molitor protocol
(Table 7) yielded recombinant C. aceticum strains (3.4.3). Using this protocol, no arcing
occurred. Whether this electric �eld is near the value of highest transformation e�ciency
cannot be determined, because recombinant strains did not grow on solid media (3.1).
However, higher electric �elds seem to be necessary to electroporate C. aceticum strains,
as electrotransformation was only successful by applying high electric �elds according to
the Molitor protocol.
Another pulse parameter in�uencing transformation e�ciency is the pulse duration (Miller
et al. 1988). While the pulse duration of a square wave pulse can be directly adjusted in the
electroporation device settings, the pulse duration of the exponential decaying pulse is sub-
jected to di�erent parameters. The exponential decaying pulse is generated by discharging
a capacitor into bu�er and cells in the cuvette. Thereby, the voltage between the electrodes
of the cuvette rises rapidly to the pre-set voltage and declines over time according to the
equation:

Vt = V0[e
− t

RC ] (4.1)

where V0 is the initial voltage in the capacitor, Vt is the voltage at a certain time (t)
after the pulse, e is the base of the natural logarithm, R is the resistance of the circuit (in-
system resistance and resistance of the sample), and C is the capacitance (http://www.bio-
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rad.com/webroot/web/pdf/lsr/literature/4006217A.pdf). To compare pulse lengths, it is
convenient to use the time required for the initial voltage to drop to V0

e
, which is approx.

37 % of V0. This value is referred to as the time constant τ . For t = τ , the voltage Vτ = V0
e

and equation 4.1 gives:
τ = RC (4.2)

Consequently, the time constant depends on resistance and capacitance. The latter param-
eter can be set to 25 µF and 50 µF using the Gene Pulser Xcell� (Bio-Rad Laboratories,
Inc., Hercules, CA, USA), but did not a�ect τ . According to the manufacturer, chang-
ing the capacitor to manipulate τ is feasible, when low-resistance electroporation bu�ers
or media were used. Since the SMP and glycerol bu�ers used to wash and electroporate
cells have a high resistance, due to low ionic strength, the capacitance in equation 4.2 gets
negligible. Furthermore, changing the in-system resistance resulted only in minor changes
of pulse length. Following the Leang protocol with 150 µl of cell suspension and 600 or
in�nite Ω led to time constants of 2.2 - 3.0 ms, and 3.1 - 3.3 ms, respectively. However,
by changing the volume of cell suspension used for electroporation from 150 µl to 25 µl
applying the same in-system resistance of 600 Ω, τ increased from 2.2 - 3.0 ms to 5.5 -
7.7 ms. This e�ect is caused by small amounts of ions in the SMP bu�er, since the re-
sistance is inversely proportional to the volume of an ionic solution. Although reducing
the volume of cell suspension in the cuvette leads to time constants of more than 5 ms,
which is considered optimal for strains such as E. coli and Vibrio cholerae (Gonzales et al.
2013), the absolute number of recombinant cells decreases with the volume. Presuming
that transformation e�ciency is very low, the chance of selecting these recombinant cells
and ultimately gain recombinant strains is also very low. However, by following the Molitor
protocol C. aceticum cells were washed with 10 % glycerol without the addition of ions
prior to electroporation, which increased the time constant to 12 - 13.5 ms, while using
200 µl of cell suspension. Consequently, the time constant τ is mainly in�uenced by the
electroporation bu�er and the amount of cells. Since recombinant C. aceticum strains were
reproducibly achieved following the Molitor protocol (3.4.3), higher time constants seem to
favour transformation.
Apart from the electric properties, the electroporation bu�er can have a direct physiolog-
ical in�uence on the cells in terms of tonicity and pH. SMP bu�er is mainly sucrose and
phosphate bu�er with MgCl2 added (2.6.2). While 0.27 M sucrose in the SMP bu�er is
generally regarded as isotonic, hypotonic and hypertonic solutions can easily be made by
adjusting the sucrose amount. There are bacteria showing better electrotransformation e�-
ciencies by using non-isotonic electroporation bu�ers (Aune & Aachmann 2010; Pyne et al.
2013). Furthermore, the pH of the electroporation bu�er can have an in�uence on trans-
formation e�ciencies. Thereby, neutral or near the optimal growth pH values were mainly
used (Pyne et al. 2014a). Hence, isotonic, hypotonic, and hypertonic SMP bu�ers with pH
values between 6.0 and 8.3 were used in this study to electrotransform C. aceticum cells.
However, SMP based transformation protocols did not lead to recombinant C. aceticum
strains. In contrast, the Molitor protocol is based on 10 % glycerol without pH adjustment
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as electroporation bu�er, which is also used to electrotransform a broad range of bacteria,
as well as for preservation of bacterial strains (Hollander & Nell 1954). In theory, a 10 %
(v/v) glycerol solution has a osmotic concentration of approx. 1.37 Osm/l. This suggest
a highly hypertonic solution, provided that approx. 0.27 M sucrose solution - equalling
0.27 Osm/l, since sucrose does not dissociate in solution - is isotonic. Even though, recom-
binant strains were only achieved with 10 % glycerol as electroporation bu�er, drawing the
conclusion that hypertonic electroporation bu�ers are needed to electroporate C. aceticum
would be premature. Apart from tonicity, glycerol might be bene�cial through properties
such as the kosmotropic e�ect. This property of glycerol is well known and helps stabilizing
macromolecule structures (Yancey et al. 1982; Moelbert et al. 2004). Consequently, the
kosmotropic e�ect of glycerol might stabilize formed pores or other structures otherwise
damaged during electroporation and thereby increasing cell viability despite the application
of high electric �elds.

4.1.3 Solid media preparation

Transformation e�ciency is de�ned as the number of colony forming units (cfu) on selective
media plates, which are obtained by transforming a de�ned amount of plasmid DNA into
a certain volume of cells (Hanahan et al. 1991). While the amount of plasmid DNA and
the volume of cells are easily calculated, the number of cfu can only be determined, when
C. aceticum cells are growing on solid agar media. However, no growth of C. aceticum
was observed on standard complex media plates such as YTF. Addition of agar to the
standard DSMZ medium 135 mod. would lead to poisoning of the palladium catalyst in
the anaerobic chamber due to the reducing agent Na2S (Sergeant & Bartlett 1955). By
omitting Na2S from the medium and increasing the cysteine-HCl amount, the overall re-
dox potential could not be maintained indicated by the reaction of the redox indicator
resazurin. Thereby, blue resazurin is �rst irreversible reduced to pink rezoru�n. The sec-
ond reduction of rezoru�n to the colourless dihydroresoru�n is reversible and depends on
the redox potential (Karakashev et al. 2002). At potentials higher than -51 mV the solution
turns pink by forming rezoru�n indicating the presence of oxygen. Since DSMZ medium
135 mod. plates without Na2S tend to turn pink and most anaerobes need redox poten-
tials below -51 mV (https://www.dsmz.de/�leadmin/Bereiche/Microbiology/Dateien/Ku
ltivierungshinweise/englAnaerob.pdf), cultivation in medium without Na2S was not possi-
ble. This might be caused by the more positive redox potential of cysteine compared to
Na2S. Exact values of the corresponding standard redox potentials can be measured, but are
di�cult to transfer to the conditions of the medium used in this study. However, standard
redox potentials of cysteine between -348 and -220 mV and approx. -480 mV for sul�de are
described in literature (Jocelyn 1967; Ducommun et al. 2009), though Na2S is the stronger
reducing agent. Furthermore, the pKa value of the sulfhydryl group of cysteine is 8.37
leading to the formation of the corresponding thiolate at higher pH. Thiolates have higher
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reactivity than the corresponding thiols (Poole 2015) and might therefore be unavailable
in the oxygen scavenging reaction of cysteine to cystine. In consequence, Ti(III)-NTA with
a redox potential of -480 mV (Moench & Zeikus 1983) was used as an alternative strong
reducing agent to Na2S. DSMZ 135 mod. medium plates supplemented with Ti(III)-NTA
maintained a stable redox potential below -51 mV and incubation of respective agar plates
with C. aceticum showed colony formation. Although C. aceticum cells were incubated in
medium supplemented with Ti(III)-NTA and thiamphenicol, growth was observable after
1 - 6 days depending on the amount of thiamphenicol used (3.1). This �nding suggests a
reaction between Ti(III) and thiamphenicol leading to inactivation of the antibiotic. This
correlation is not described in literature, but might be related to the a�nity of titanium
towards oxygen described to be responsible for the ability to cleave N-O bonds (McMurry
1974). Further, Ho & Wong (1973) demonstrated the reduction of sulfoxides to sul�des
by Ti(III). Therefore, Ti(III) might also interact with the methyl-sulfonyl group present in
thiamphenicol abolishing the antibiotic activity.
In order to grow C. aceticum cells on solid medium, di�erent media compositions were
tested. Tanner mod. liquid medium and YTF plates have been used to cultivate C. ljung-
dahlii (Köpke et al. 2010). These media maintain a low redox potential using only cysteine-
HCl as reducing agent and were therefore adapted to C. aceticum. The bu�er system was
changed from MES to Tris, in order to have bu�er capacity around pH 8, yielding media
termed YTF 8.1 and Tanner mod. 8.1 (2.5.2.1). Consequently, C. aceticum was plated on
solid YTF 8.1 and Tanner mod. 8.1 medium yielding 180 and 735 CFU/ml, respectively.
This seems to be very low for a overnight culture with an OD600 of approx. 1. As a rule
of thumb 1 ml growing E. coli culture has 8 x 1010 cells. Albeit one should take care
comparing those values, the di�erence of six orders of magnitude indicates that 180 and
735 CFU/ml is very low. Since fresh overnight cultures were plated, living cell numbers
should be higher and consequently cell viability is compromised on these solid media prepa-
rations or during the plating process. Nevertheless, growth on solid media was shown, but
needs further improvement.

4.1.4 Overcoming the R-M system of C. aceticum

As mentioned above, Clostridium strains are generally regarded as di�cult to transform.
This is not only due to physical barriers, which need to be overcome in a more or less
strain speci�c manner already discussed (4.1.2), but is also caused by defence mecha-
nisms of the bacterium against foreign DNA. The R-M systems are often the main ob-
stacle of successful electrotransformation (Alegre et al. 2004; Lin et al. 2010; Pyne et al.
2013). Thereby, foreign DNA is cut and subsequently degraded, if the plasmid DNA intro-
duced via electroporation harbours sequences without correct methylation pattern recog-
nised by the hosts RNases. Although several types of R-M systems are known, in most
cases type II systems seem to be responsible for the complete abolishment of clostridial
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transformation (Pyne et al. 2014a). Yet, inhibiting type I REases, which cut DNA in a
remote position to the recognition sequence, using TypeOne� Restriction Inhibitor (Epi-
centre Technologies Corp., an Illumina company, Madison, WI, USA) can lead to increased
transformation e�ciencies (Walkinshaw et al. 2002; Köpke et al. 2010). Moreover, incor-
rect methylation can be detrimental for transformation by triggering methyl-speci�c type
IV REases (https://www.neb.com/products/restriction-endonucleases/restriction-endonu
cleases/types-of-restriction-endonucleases). This might be problematic, since plasmid DNA
is commonly prepared from E. coli strains, which perform Dam and Dcm methylation
(Kolek et al. 2016). However, Dam and Dcm methylated plasmid DNA should be pro-
tected against corresponding isoschizomers present in the host. Since the whole genome
sequence of C. aceticum is known, in silico evidence of R-M systems was gathered (Ta-
ble 13). REBASE predicted one type II REase, one type IIG R-M system, and four MTases
of type II, while genome annotation predicted one type II REase, one type I R-M system,
and four MTases. Thereby, best in silico evidence of a type II R-M system was found for
CACET_c27460 and CACET_c27470 with the probable recognition sequence CCWGG
and assignment to the MvaI R-M system family (Table 13). The MTase CACET_c27470
is upstream of the REase CACET_c27460 on the complementary strand (Figure 19). This
genomic organisation is often observed for R-M systems of this family (Morgan et al. 1998).
Altogether, in silico research revealed more MTases than REases. Reasons for that might
be: (1) the respective REases are not yet found and therefore not present in the databases,
(2) the MTases are not involved in a R-M system and exhibit di�erent cell functions, such
as gene transcription, DNA mismatch repair, and initiation of chromosome replication
(Løbner-Olesen et al. 2005), or (3) the MTases are inactive remnants.
To further investigate the activity, especially of type II REases, a restriction assay with cell
free extract of C. aceticum was performed. Therefore, a variety of commercially available
restriction bu�ers from New England Biolabs Inc. (Ipswich, MA, USA) and Thermo Fisher
Scienti�c (Waltham, MA, USA) were used since bu�er conditions needed for C. aceticum
endonucleases were unknown. The resulting banding pattern was identical in each ap-
proach indicating active type II REases (Figure 4). The resulting fragment sizes matched
the predicted fragment sizes of MvaI digestion of pMTL86151 plasmid DNA. Furthermore,
restriction digestion of the native plasmid pCACET isolated from C. aceticum cells with
commercially available MvaI was blocked. In conclusion, C. aceticum harbours an active
isoschizomer of MvaI named Cac1496I with the recognition site CCWGG and the respec-
tive MTase M.Cac1496I protecting its genome as predicted by annotation and the REBASE

(Cac1496I)

CACET_c27460

CACET_c27470

(M.Cac1496I)

Figure 19: Genomic organisation of the Cac1496I and M.Cac1496I R-M system.
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database.
To prove whether Cac1496I activity is the main reason for unsuccessful electrotrans-
formation of C. aceticum, the pMK80 plasmid series without CCWGG (MvaI) recog-
nition sites was constructed (3.4.2). The origins of replication from pCB102, pCD6,
pIM13, pCACET, and the catP resistance gene of the pMTL80000 plasmid series show
no CCWGG sequence. However, ColE1, traJ, and lacZα harbour several MvaI recogni-
tion sites (Figure 7A). The latter two genes are negligible for transformation. As men-
tioned above, traJ is only necessary for conjugation and the lacZα is part of the mul-
tiple cloning site (MCS) not conferring any function in the electrotransformation pro-
cess. Furthermore, since PCR-based seamless cloning methods such as CPEC (2.9.2.8)
and Gibson assembly (Gibson et al. 2009) are available, the dependency on unique re-
striction sites provided by the MCS is dramatically decreased or even abolished, if all
fragments used for cloning derive from PCR. Consequently, traJ and lacZα were removed
from the shuttle-plasmids. In contrast, a replicon for E. coli is crucial, since E. coli is
used as plasmid production host. Commonly used origins of replication for E. coli , such
as pMB1, pBR322, p15a, and pSC101, harbour at least one MvaI recognition site and
are therefore not suitable. However, the temperature-sensitive derivative of pSC101 from
pRedET-tetR has no MvaI recognition site and was consequently used in the pMK80
series. This ORI derives from a plasmid originally used for recombination experiments
in E. coli cells and subsequent curing of the plasmid by increasing the cultivation tem-
perature (https://www.genebridges.com/storage/Red_ET_by_Gene_Bridges.pdf). This
derivative of the very low copy ORI pSC101 (https://blog.addgene.org/plasmid-101-origin-
of-replication) was used to construct the pMK80 plasmid series. Nevertheless, employing
the QIAGEN® Plasmid Midi Kit following the "very low copy" protocol, su�cient plasmid
DNA concentrations were achieved to perform transformations with the pMK80 plasmids.
These plasmids were not cleaved by C. aceticum CFE and MvaI as shown in Figure 7B
for pMK83. This plasmid was then successfully transformed into C. aceticum cells proving
that indeed the R-M system is the main obstacle of transformation.
Using CCWGG-free plasmids for transformation of C. aceticum is a feasible task, however,
getting more and more tedious when further CCWGG-rich genes should be introduced.
These restriction sites can be eliminated by codon optimisation via gene synthesis or PCR,
but is labour-intensive and might hamper translation, if the resulting triplets recruit less
abundant tRNAs. Furthermore, a high copy and stable ORI for E. coli is desired for rapid
and high yields of the respective plasmid. In consequence, several approaches to protect
plasmid DNA from Cac1496I cleavage by methylation of respective recognition sites were
tested during this study.
Since M.Cac1496I activity was observed (Figure 4B), in vitro methylation using CFE from
C. aceticum was tested. While most REases need Mg2+ ions to cleave DNA, most MTases
require SAM as methyl group donor to methylate DNA. Therefore, REase activity of CFE
can be decreased or even abolished and MTase activity promoted using bu�ers without
Mg2+ ions, supplemented with SAM (2.9.4). Even though this led to complete abolish-
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ment of REase activity of the C. aceticum CFE previously used for the restriction assay,
MTase activity was not observed either (data not shown). MTases might be unstable unlike
the respective REase or less abundant in the CFE leading to no detectable methylation.
Furthermore, inappropriate bu�er conditions, especially concerning SAM handling, which
is very unstable in aqueous solution (https://international.neb.com/faqs/0001/01/01/how-
stable-is-sam-in-a-reaction), could neglect MTase activity.
MTases inhibiting DNA cleavage by MvaI and isoschizomers are not commercially avail-
able, but Butkus et al. (1985) observed protection of DNA upon methylation using certain
cell extract fractions of M. varians RFL19. Moreover, the DNA sequence of the respective
MTase M.MvaI was published by Klimasauskas et al. (1989) and subsequently used to pro-
duce the enzyme. Heterologous production of M.MvaI in E. coli BL21 (DE3) (2.13.1) did
not lead to detectable MTase amounts via SDS-PAGE, neither in the whole cell fraction,
nor in the puri�cation steps (data not shown). Thus, in vitro production of M.MvaI was
performed. Given that the respective production plasmid pET-28a(+)_M.MvaI is correctly
cloned, even small amounts of the MTase can be detected since all enzymes required for the
protein production are provided in known amounts and appearance of a further band on the
SDS-PAGE gel can only be plasmid-borne. Since such a band appeared on the SDS-PAGE
gel after in vitro production, pET-28a(+)_M.MvaI is functional and M.MvaI should have
been produced E. coli BL21 (DE3), although no distinct band was detectable. However,
di�erent fractions of both approaches, in vivo and in vitro, did not lead to detectable DNA
methylation.
The compromised methylation activity, albeit having produced the respective MTase, might
be correlated to the solubility of the enzyme. Insoluble proteins tend to form aggregates
in aqueous solution, known as inclusion bodies, and are therefore inactive (Hartley &
Kane 1988). In silico solubility prediction based on amino acid sequences was inconclu-
sive. Depending on the used tool, di�erent predictions were computed: (1) PROSO II
predicted M.MvaI and M.Cac1496I to be insoluble (Smialowski et al. 2012), (2) Protein-
Sol predicted M.MvaI insoluble and M.Cac1496I soluble (Hebditch et al. 2017), and (3)
Recombinant Protein Solubility Prediction computed 100 % solubility for both MTases
(Diaz et al. 2009). However, further attempts to produce active M.MvaI and M.Cac1496I
using E. coli by Hirschenberger (2017) clearly showed insolubility of the respective MTase.
Although enzymes are active in the original host shown for M.MvaI (Butkus et al. 1985)
and M.Cac1496I (Figure 4B), pH, osmolarity, redox potential, cofactors, and folding mech-
anisms are di�erent in E. coli cells leading to aggregation and inactivity of the enzyme
(Rosano & Ceccarelli 2014). There are methods to solubilise inclusion bodies by denat-
urants such as guanidine hydrochloride or urea followed by renaturation of proteins via
dilution or dialysis to achieve active enzymes (De Bernardez Clark 1998; Misawa & Ku-
magai 2004; Palmer & Wing�eld 2012). Unfortunately, denaturation/renaturation did not
yield active MTases (Hirschenberger 2017).
Another approach involved in vivo methylation of plasmid DNA in E. coli cells by the
corresponding MTase. Therefore, the MTase gene is expressed from a plasmid, preferably
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low copy, co-resident with the transforming plasmid in E. coli cells yielding methylated
plasmid DNA upon isolation. This was described several times with regard to clostridial
transformation. Mermelstein & Papoutsakis (1993) described the protection of plasmids
via the φ3T B. subtilis phage methyltransferase before transformation in C. acetobutylicum
cells. A similar approach has been described for C. pasteurianum where CpaAI restric-
tion was circumvented via M.FnuDII methylation (Pyne et al. 2013; Pyne et al. 2014b).
Böhringer (2002) exchanged the antibiotic resistance gene of the methylation plasmid pAN1
from Mermelstein & Papoutsakis (1993) with a spectinomycin resistance gene yielding the
plasmid pANS1. This plasmid was the basis for all in vivo methylation attempts in this
study. Therefore, only the coding sequence of the φ3T B. subtilis phage methyltrans-
ferase gene was seamlessly exchanged (2.9.2.8) by the coding sequence of M.Cac1496I and
the codon-optimised M.MvaI to guarantee intact transcription initiation and regulatory
elements resulting in the plasmids pMKS1 and pMKS2, respectively. Albeit cloning was
veri�ed via sequencing, DNA protection against Cac1496I and MvaI was not achieved in
E. coli XL1blue MRF' (data not shown). This E. coli strain performs Dcm methylation
with the recognition sequence CCWGG, the same sequence as M.Cac1496I and M.MvaI.
The major di�erence is the methylation site at the inner cytosine of the recognition se-
quence CCWGG. While M.MvaI and most probably M.Cac1496I methylate the cytosine at
position 4 forming N4-methylcytosine, Dcm methylation leads to 5-methylcytosine. How-
ever, MvaI-like REases are only inhibited by methylation of the correct cytosine in position
4 (Butkus et al. 1987; Kubareva et al. 1988). Furthermore, it was hypothesised that methy-
lation of the dcm+ E. coli strain might hinder M.Cac1496I and M.MvaI methylation by
sharing the same recognition site. Therefore, in vivo methylation with pMKS1 and pMKS2
was performed using the dcm-/dam- E. coli SCS110 strain. However, this approach did
not yield protected plasmid DNA (data not shown). In conclusion, the MTases M.MvaI
and M.Cac1496I were not functional in E. coli XL1blue MRF' and SCS110 under the ap-
plied conditions. This might be circumvented using isoschizomers with M.EcoF5505Dcm
from E. coli O25:H16 F5505-C1 as most promising candidate. The recognition sequence
CCWGG of M.EcoF5505Dcm is con�rmed by PacBio sequencing (Smith et al. 2018) and
N4-methylation is predicted by REBASE. Furthermore, in vivo methylation seem to work
using E. coli Top10 in combination with codon-optimised M.Cac1496I on an arabinose-
inducible vector as described in a recently available patent (Scotcher & Wells 2018).
In summary, C. aceticum is electrotransformable according to the Molitor protocol (Ta-
ble 7) using the plasmid pMK83. This result is reproducible, however, transformation
e�ciency seems to be very low. Although the actual values for transformation e�ciency
are still missing due to the issues described in 4.1.3, the number of recombinant C. aceticum
strains achieved per batch showed great deviation under the same conditions. Probably
because even unavoidable slight variations in the procedure lead to a decrease of transfor-
mation e�ciency below a certain threshold needed to gain recombinant strains, which is
easily the case, if the actual e�ciency is very low.
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4.1.5 Conjugation of C. aceticum

Although electrotransformation has several advantages mentioned above (4.1.2), IncP-
based conjugation methods are applicable to a broad range of clostridia with only minor
changes in the protocol (Williams et al. 1990; Jennert et al. 2000; Cai et al. 2011). During
conjugation, single-stranded DNA is transferred from donor to recipient strain, which is
not as prone to degradation by most REases as double-stranded DNA and, thereby, more
likely to overcome the R-M system barrier (Young et al. 1999). However, conjugation em-
ployed during this study to achieve recombinant C. aceticum strains was not successful.
This might be a consequence of the poor growth of C. aceticum cells on solid agar plates
already discussed (4.1.3). Moreover, while DNA transferred via conjugation is more likely
to circumvent the hosts R-M barrier, still some clostridia can only be conjugated using
methylated DNA (Purdy et al. 2002; Lesiak et al. 2014). This was recently described to be
the case for C. aceticum (Scotcher & Wells 2018), where conjugation was achieved using
an E. coli donor strain with a co-resident methylation plasmid. Even though most speci�c
REases recognise double-stranded DNA, single-strand cleavage is also possible due to gen-
eration of small duplex regions or direct recognition of single-stranded sequence patterns
(Blakesley & Wells 1975; Horiuchi & Zinder 1975). Most type II REases form functional
dimers or higher order assemblies to recognise and match the palindromic or pseudopalin-
dromic recognition sequence and subsequently cleave the double-stranded DNA (Pingoud
et al. 2005). In contrast, MvaI is active as monomer and cuts DNA in an asymmetric two-
step reaction (Kaus-Drobek et al. 2007; Kosinski et al. 2007). Thereby, one DNA strand
is cut in a �rst catalytic reaction leading to a nick. Then, the enzyme rotates around
the DNA to introduce the double-strand break in a second catalytic reaction. Therefore,
it is tempting to speculate that MvaI-like REases, such as Cac1496I, might recognise and
cleave single-stranded DNA since single-strand breaks are the �rst reaction of the described
cleaving mechanism. In conclusion, conjugation of C. aceticum seems feasible, although
not under the conditions used in this study.
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4.2 Oxford Nanopore sequencing

Pioneer work in the �eld of nanopore sequencing by Kasianowicz et al. (1996) showed pas-
sage of single DNA and RNA strands through a protein pore. At this stage, read length
could be estimated, but the actual sequence was not determined since the DNA or RNA
strands traversed the pore with 1 - 20 µs per base (Meller 2003), which was too fast to
call single nucleotides. ONT developed a ratchet protein, which slows down the passage
of DNA or RNA strands through the pore in order to measure electric current deviations
at the membrane caused by single bases (https://nanoporetech.com/how-it-works). This
raw signal is recorded and converted into a nucleotide sequence during basecalling. The
underlying algorithm used for basecalling changed from a Hidden Markov Model (HMM)
to a Recurrent Neural Network (RNN) to increase per base accuracy. The basecalling
software and its underlying algorithm is under active development with frequent updates
(Rang et al. 2018). The cloud-based Metrichor software was used to basecall R7 reads via a
HMM, while local basecalling using Albacore software already employed a RNN (2.11.3.2).
Since new basecaller versions confer more accuracy and are still compatible with the raw
signal of previous pores and chemistries, re-calling older sequencing runs increases read
quality retrospectively. This software-based increase of accuracy was observed by compar-
ing the read phred scores of the R9.4 pore sequencing run from C. formicaceticum and
C. coskatii. Although the same pore and chemistry was used, R9.4 reads from C. coskatii

showed phred quality scores between 7.5 and 15 (Figure 13B+C), whereas R9.4 reads from
C. formicaceticum showed phred quality scores between 6 and 9.5 (Figure 10). One of the
main reasons for this di�erence in accuracy is software-based. Since C. formicaceticum

sequencing data was basecalled 9 month before C. coskatii, several basecaller updates were
released. Even though re-calling of the C. formicaceticum sequencing data would increase
the read phred quality, the bene�t would be marginal, because per base accuracy is con-
ferred by Illumina reads using hybrid assembly approaches. Thereby, C. formicaceticum
reads produced by ONT are utilised to bridge assembly gaps requiring long reads rather
than accurate ones.
ONT sequencing is a single molecule sequencing technique. Thereby, intact DNA strands
are sequenced regardless of their length and thus, read length mainly depends on the DNA
and sequencing library preparation (Jain et al. 2018). Furthermore, the ratchet allows DNA
to pass the pore at a certain velocity, which can be controlled by the ATP content in the
bu�er and was steadily increased to sequence more bases at the same time. A tremendous
increase in sequenced bases comparing the R7 pore at 70 b/s to the R9.4 pore at 450 b/s
is shown in Table 14 and 17. Increasing the yield can partially compensate the low read
accuracy of 84.1 % (C. formicaceticum R9.4 reads, this study) compared to 99.78 % for
Illumina sequencing (C. formicaceticum Illumina reads, this study). However, systematic
errors cannot be compensated by higher coverage. This is the major drawback of ONT
sequencing, since this technique cannot accurately resolve homopolymers of more than �ve
bases (Sarkozy et al. 2017) leading to insertion or deletion (indel) errors (Figure 20A). In

91

https://nanoporetech.com/how-it-works


4 Discussion

contrast, the sequencing technology used by Illumina is not prone to homopolymers, but
cannot resolve repetitive regions longer than the produced reads, which are 203 bp in aver-
age (Table 17). Whenever a repetitive region exceeds read length, respective reads cannot
be mapped uniquely. Consequently, the corresponding DNA sequence cannot be resolved
unambiguously leading to contig breaks (Figure 20B). Therefore, using a hybrid assembly
approach, homopolymers are accurately resolved by Illumina short reads, while ONT long
reads can bridge repetitive regions (Figure 20). Analysis tools and assembler software are
developed by the MAP community or adapted from NGS pipelines (2.11.3). Each software
uses a di�erent approach with its own strength and faults and, thus, performance depends
on the individual set of sequencing data. Two such tools were used during this study to
assemble the obtained reads from C. formicaceticum and C. coskatii genome sequencing
(2.11.5). The major di�erence of the HybridUnicycler and HybridCanu pipeline is the order
ONT and Illumina reads are used during the assembly process. HybridUnicycler assembles
Illumina reads in the �rst place by using the SPAdes algorithm (Wick et al. 2017). Thereby,
SPAdes calculates an assembly graph to generate a very accurate, but fragmented draft
genome sequence. Then, ONT long reads are utilised to bridge gaps in the assembly graph.
That is whenever Illumina reads cannot be mapped uniquely due to repetitive regions longer

Figure 20: Visualisation of a homopolymer (A) and repetitive (B) region with
R9.4 and Illumina reads mapped against the C. coskatii HybridUnicycler ref-
erence assembly. 1, Position of the genomic region; 2, DNA sequence (A) or annotation
(B); 3, R9.4 reads coverage; 4, R9.4 reads mapped against the reference; 5, Illumina reads
coverage; 6, Illumina reads mapped against the reference; 7, contigs of the SPAdes Illu-
mina only assembly mapped against the reference; �lled bars (grey), single reads uniquely
mapped against the reference; empty bars (white), single reads which can be mapped in
more than one position against the reference; , insertion; -, deletion; mismatches are shown
by the color of the wrong nucleotide.
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than the respective read lengths (Figure 20B). After each assembly step, the HybridUni-
cycler pipeline produced an assembly graph as shown for the sequencing of C. coskatii in
Figure 21. The junctions, representing gaps in the assembly, decreased during the assem-
bly process by employing ONT long reads and, ultimately, contigs were circularised. The
HybridCanu pipeline uses �rst the Canu tool to assemble ONT long reads resulting in a
very contiguous, but error prone assembly (see Canu data in Table 19). These errors were
mainly systematic indels due to homopolymers, where high coverage cannot compensate
sequencing errors (Figure 20A). To correct these indels, the Pilon software was employed.
This software uses the very accurate Illumina short reads to polish the ONT only assembly.
The resulting high quality contigs were circularised using the Circlator software. The Canu
pipeline was not able to produce a draft sequence with R7 reads of C. formicaceticum and
C. coskatii (3.6.2 and 3.7.2). Consequently, the HybridCanu pipeline failed during the �rst
assembly step and no genome sequence output was obtained.
Nonetheless, Canu is one of the best choices to assemble only ONT reads, because of the
very good and extensive error correction step and contiguous results (Koren et al. 2017).
The ONT R9.4 only assembly by Unicycler could not compete with the Canu assembly in

A B C

D E

Figure 21: Visualisation of assembly steps performed by HybridUnicycler. A.
Short read assembly with SPAdes. B. Short read bridging. C. Long read bridging. D.
Bridge application. E. Contig merging, polishing, and shifting to start position. Continuous
DNA sequence is coloured green. Multiplicity is indicated in yellow to red colours. Contig
ends are connected by a small black line, if circularised.
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terms of assembly statistics (Table 19). The Unicycler software works as a wrapper to run
the miniasm+Racon pipeline (Li 2016; Vaser et al. 2017) that needs less CPU resources
and time than Canu. That is because of the extensive read correction steps, which are
performed by the Canu software before assembling the reads. The time and CPU resources
needed for error correction increase with the amount of reads until a hardware given limit
of the desktop PC is reached. Consequently, only read subsets could be assembled by Canu
using a desktop PC (3.7.2). Finding the handleable amount of ONT reads is time inten-
sive, because Canu might run for several days before running out of memory. In contrast,
Unicycler was able to handle more ONT reads in less time producing similar good results.
Albeit self-correction of the error prone ONT reads by Canu seems to be desirable, this
step gets less important following hybrid assembly strategies, which was the main focus in
this study. Therefore, the HybridUnicycler assembly was used as reference for C. coskatii
(3.7.2).

4.2.1 Complete genome sequence of C. formicaceticum

C. formicaceticum is a close relative to C. aceticum based on 16S rDNA similarity and
was genetically modi�ed for the �rst time during this study (3.5). The organism was
isolated according to the procedure described for C. aceticum by Wieringa (1936) in order
to isolate similar Clostridium strains able to utilise H2 + CO2 (Ghazzawi 1967; Andreesen
et al. 1970). Although growth at the expense of H2 + CO2, as sole energy and carbon
source, was not observed, C. formicaceticum can grow on CO + CO2 (Lux & Drake 1992).
This �nding may be related to the absence of a hydrogenase gene cluster (CACET_c35700
to CACET_c35750), which is present in C. aceticum as speculated by Karl et al. (2017).
Analysis of respective ONT sequencing data, which were obtained during this study, is
beyond the scope of publications appearing in the journal Genome Announcements and is
therefore discussed in the following.
The sequencing yield of C. formicaceticum reads using the R9.4 pore is rather low compared
to the yield achieved with C. coskatii (Table 14 and 17). Except for losses due to the quality
of the initial DNA and during library preparation, the main reason for the low yield was
the low availability of active pores in the �owcell during sequencing. A suggested solution
for that problem is to restart sequencing, if the number of active pores is below 50 % of
total pores after one hour. Subsequently, the MinKNOW software will perform a so called
MUX scan that determines the bias voltage of the most active pores and, ultimately, �nding
more pores ready for sequencing (https://community.nanoporetech.com/posts/586). This
procedure was done three times in combination with reloading prepared library DNA. In
consequence, only 18 hours sequencing produced lower number of reads compared to what
can be achieved if the sequencing run time is 48 hours as usual.
The mean read length is strongly in�uenced by occasional very long reads, that is why
Table 14 gives mean and median read length. Comparing both values indicate the read
length distribution, which is illustrated in Figure 10A and B. Although long reads increase
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the mean length, the majority of lengths is around the median value. This deviation is
not observed for Illumina reads (Table 14), since read length distribution is nearly uniform
between 300 bp and 50 bp due to technical reasons and read length cut o� set during
quality �ltering (Figure 10C). The phred score derives from the basecalling program phred
by Ewing et al. (1998), which was developed to deal with the amount of upcoming Sanger
sequencing data. The actual phred quality score is a computer assigned value for each
sequenced base in a read giving the probability of a sequencing error (Ewing & Green
1998). This is readily adapted to second and third generation sequencing, where manual
curation is not feasible. The commonly used �le format FASTQ incorporates these quality
values for each base encoded with a single ASCII (American Standard Code for Information
Interchange) character. Each ASCII character represents a phred score between 0 and 42
giving the estimated error probability according to:

P = 10

−Q
10 (4.3)

where P is the error probability and Q the phred score. A Q-value of 0 indicates 100 %
error probability, while 40 represents only 0.01 %. According to equation 4.3 the read
population around the phred score of 5, shown in Figure 10A, has a chance of approx. 68 %
to be correctly basecalled, while the second population around the phred score of 10 has an
estimated chance of approx. 90 %. The discrepancy in correct basecalling probabilities for
these read populations is explained by the 2D sequencing protocol used in combination with
the R7 pore. The DNA enters the pore single-stranded beginning with the template strand.
By fusing a DNA adapter of known sequence, the basecalling software can distinguish
between the template strand and the following complement strand, which allows direct
alignment of both strands to increase basecalling con�dence. Hence, the higher quality
reads in Figure 10A represent successfully aligned 2D reads with the consequence of a
drastically increased accuracy, while the lower quality reads represent 1D reads unable to
be aligned to a complementary strand. However, these reads can still be used for hybrid
assemblies, since per base accuracy of long reads is not �rst priority in such an approach.
Figure 10B shows phred quality scores between 6 and 10 for 1D sequencing using the R9.4
pore, with a peak of approx. 8.5 representing 86 % per base accuracy. This illustrates the
increase of sequencing quality achieved through steady improvements in terms of sequencing
hardware and basecalling software. Nevertheless, ONT sequencing accuracy still cannot
compete with Illumina, since 75.91 % of the Illumina reads have a phred score of more
than 37, which is, according to equation 4.3, an error probability of less than 0.02 % (3.6.1
and Figure 10C). Although the phred score gives an ab initio estimation of the sequencing
quality without any reference to compare to, the actual error rate is calculated by aligning
all reads to the respective reference genome assembly. This resulted in error rates of
0.22 %, 26.08 %, and 15.90 % for Illumina, R7, and R9.4 sequencing, respectively, using
the C. formicaceticum genome sequence of Karl et al. (2017) as reference. Thereby, R9.4
sequencing led to 89,544,006 mismatches and 37,983,658 indels for 610,652,299 mapped
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bases, while Illumina sequencing showed only 847,313 mismatches and 17,230 indels for
382,001,191 mapped bases.
Sequencing coverage or depth is de�ned as the average number of times that a single
nucleotide is sequenced regarding all produced reads and therefore, more coverage increases
accuracy of single nucleotide calls (International Human Genome Sequencing Consortium
2001; Schatz et al. 2010). The simplest approach to determine theoretical sequencing depth
was proposed by Lander & Waterman (1988) by the equation:

c =
LN

G
(4.4)

where c is coverage, L is read length, N is the number of reads, and G is the genome length.
While this is a fast method for a rough estimation of coverage, uniform read distribution
across the sequenced genome is prerequisite for this calculation. More mature and com-
plex approaches take 'mappability', also known as uniqueness, of the sequenced reads into
account (Wang et al. 2011; Hatem et al. 2013), where 'mappability' increases with read
length (Derrien et al. 2012). This is illustrated in Figure 11, where reads were mapped
against the reference and visualised to detect regions of higher or lower coverage. Thereby,
98.34 % of ONT R9.4 reads and 99.69 % of Illumina reads could be mapped against the
C. formicaceticum reference genome sequence resulting in a depth of 133.1 x and 40.1 x,
respectively. The duplication rate estimates the number of redundant reads, which may
occur during PCR steps of the Illumina library preparation procedure (Bansal 2017). Such
reads are identi�ed by aligning all reads against the reference respective sequence and �l-
tering for identical reads (except for few sequencing errors) mapping at the same genomic
coordinates (DePristo et al. 2011). While R9.4 ONT reads of C. formicaceticum showed
a duplication rate of 4.06 %, even though PCR ampli�cation is not involved during ONT
library preparation, a duplication rate of 59.36 % was computed for the respective Illu-
mina reads. Hence, sequencing coverage calculations described by Lander & Waterman
(1988) would result in 83.3 x for Illumina reads, which is too high in this case giving the
impression of more information than actually available. Duplication rate was estimated
by the quality assessment tool Qualimap after aligning all reads to the published genome
sequence of C. formicaceticum (Karl et al. 2017). Therefore, the coverage graph shown in
Figure 11 was computed with redundant duplicated reads. However, it is notable that not
all duplicated reads are necessarily PCR-caused and might be naturally occurring at least
to a certain extend (Zhou et al. 2014; Bansal 2017). This is even more obvious since ONT
sequencing is PCR-free and, nonetheless, a duplication rate of 4.06 % was estimated.
The C. formicaceticum genome sequence used as reference was assembled employing Illu-
mina and R9.4 reads by manually combining the SPAdes, HybridSPAdes, and Canu assem-
blies (Table 15 and 16; Karl et al. (2017)). Nevertheless, HybridSPAdes and HybridUnicy-
cler with Illumina and R7 reads, as well as Unicycler, HybridCanu, and HybridUnicycler
assemblies were computed during this study. Hybrid approaches utilising R7 reads could
decrease total contig number to 63 and 60 compared to 101 using only Illumina reads.
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These assemblies are still very fragmented, and closing the genome would involve further
time consuming, and manually or half-automated procedures, such as 'primer walking',
to resolve the gaps (Gordon et al. 2001). Longer reads and higher coverage produced by
the R9.4 pore (Table 14) led to assemblies with 4 - 20 contigs depending on the pipeline
employed (Table 16). Even though the total contig number is a solid value to get a �rst im-
pression of the respective assembly, careful evaluation should take more values into account.
This is shown by comparing the HybridSPAdes and the HybridUnicycler assemblies. Both
pipelines start by assembling Illumina short reads using the SPAdes algorithm to generate
an assembly graph. Then, di�erent algorithms are used to close gaps in the graph utilising
long reads and consequently, resulting in di�erent assembly statistics (Antipov et al. 2016b;
Wick et al. 2017). The HybridSPAdes assembly with 12 contigs seems more contigous than
the HybridUnicycler assembly with 20 contigs. However, the majority of the total genome
length is represented by only 1 contig in case of the HybridUnicycler assembly. This is
shown by the largest contig, N50, N75, L50, and L75 values, where 84 % of the total length
is covered by the largest contig for the UnicyclerHybrid assembly compared to 40 % for
the HybridSPAdes assembly. Although the overall best performance concerning assembly
statistics was achieved by HybridCanu with only 4 contigs, where the largest contig repre-
sents 99 % of the whole genome (Table 16), the closed sequence published by Karl et al.
(2017) is based on the SPAdes, HybridSPAdes, and Canu assemblies.

4.2.2 Complete genome sequence of C. coskatii

C. coskatii is a industrially relevant strain due to its close phylogenetic relationship to
C. ljungdahlii and C. autoethanogenum (Bengelsdorf et al. 2016). A prerequisite to fully
exploit its potential, e.g. via metabolic engineering, is a high quality closed genome se-
quence. Finishing the available draft genome (GCA_001675205.1), consisting of 112 con-
tigs, via 'primer walking' is not easily feasible due to the reasons mentioned in chapter
4.2.1. Resequencing the genome of C. coskatii with the MinION device was applied to
combine Illumina short reads with ONT long reads in order to achieve a closed genome
sequence.
ONT R9.4 sequencing of C. coskatii produced almost 5 Gb within 1.7 million reads, which is
28.5 times more than achieved with the R7 pore (Table 17). Since the R7 and R9.4 sequenc-
ing runs were performed for 48 hours according to the manufacture, the discrepancy between
total base yield is mainly caused by the technical advances of ONT. While NGS devices
require certain infrastructure, budget, and expertise in the �eld of sequencing, ONT Min-
ION sequencing is, by design, meant to be used in every lab (https://nanoporetech.com/).
Therefore, further computational work�ows were not performed on servers, but using a
standard high-end desktop PC. However, the vast amount of data produced by the R9.4
pore overwhelmed the used PC during certain applications. For that reason, only subsets
of reads could be used for the assembly process.
Read accuracy was determined by mapping against the C. coskatii HybridUnicycler refer-
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ence resulting in error rates of 0.33 %, 26.08 %, and 17.69 % for Illumina, R7, and R9.4
reads, respectively. Although the estimated phred scores assigned to the R9.4 reads during
basecalling showed better quality for C. coskatii compared to R9.4 reads from C. formi-

caceticum (Figure 13C and Figure 10B), the error rate of C. formicaceticum R9.4 reads
with 15.9 % is lower than for C. coskatii R9.4 reads. A total of 1,518,106,667 bases were
mapped against the reference counting 215,524,531 mismatches, 37,587,320 insertions, and
58,425,556 deletions. 97.91 % of all R9.4 reads >5 kbp could be mapped against the refer-
ence with a duplication rate of 3.57 %. Again, Illumina sequencing led to many duplicated
reads. The duplication rate for these reads was estimated to be 48.51 % leading to an
actual coverage of 47.2 x. Furthermore, the general error rate of the R9.4 reads estimated
by Qualimap was 0.18, which would lead to a per base error rate of only 8∗10−31 by reach-
ing 40 x coverage. Consequently, using the complete produced R9.4 data, corresponding
to 898.4 x coverage, is not necessary in terms of accuracy. Nevertheless, even the highest
coverage cannot resolve systematic errors (Figure 20A).
Figure 13A shows the two populations for R7 2D reads and unaligned 1D reads with less
quality. The read length distribution of all R9.4 reads of C. coskatii shows a distinct peak
of approx. 3.7 kbp (Figure 13B), which matches the control DNA introduced during library
preparation according to the manufacturer. This control DNA can be �ltered out during
basecalling, which was not necessary since only reads longer than 5 kbp were used for the
assemblies (Figure 13C). Another peak was observed at approx. 1.8 kbp with steep increase
from 0 bp to 1.8 kbp and a slighter decrease after the peak. This illustrates less abundance
of very short reads compared to R9.4 sequencing of C. formicaceticum (Figure 10B). This
indicates less shearing of genomic DNA and, ultimately, DNA library preparation was bet-
ter for C. coskatii compared to C. formicaceticum. The phred quality distribution of all
R9.4 reads and reads >5 kbp is very similar (Figure 13B+C) showing that the read quality
is independent of the read length.
Assembling R7 and Illumina reads of C. coskatii already dramatically decreased total con-
tig number compared to the Illumina only assembly (Table 18), still the genome could not
be closed. This was achieved using R9.4 reads. Canu, HybridCanu, and HybridUnicycler
were able to produce only 2 contigs (Table 19). While HybridCanu and HybridUnicycler
conduct one step trying to circularise contigs, the Canu assembler does not perform such
an operation. Nevertheless, 2 contigs represent a closed genome in this case. Furthermore,
Unicycler was not able to close the genome using only R9.4 reads. This is a consequence of
the miniasm+Racon algorithm used by the Unicycler pipeline. While these programs are
very fast and su�ce in the HybridUnicycler pipeline to bridge gaps in the assembly graph,
the Canu algorithm produced a more contiguous assembly using only ONT reads (Ta-
ble 19). HybridUnicycler is a wrapper to utilise several tools with one command. Thereby,
an output similar to HybridCanu was produced, while less computer resources were re-
quired. Therefore, this assembly was declared as reference for further comparisons.
Apart from genome assembly quality assessment done by tools like Quast and Qualimap,
remapping of reads and visualisation can be performed (Figure 14). Thereby, regions of
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local high or low coverage may indicate mis-assemblies (Ekblom & Wolf 2014). Such a
region was observed approx. between base 4,240,000 and 4,265,000 (Figure 14A). While
the mapped Illumina reads showed equal distribution, ONT R9.4 reads did not map in
this region, which is shown in Figure 22 in more detail. Two repetitive regions were iden-
ti�ed, where Illumina reads could not be mapped uniquely, nonetheless, the region was
resolved by the assembler probably due to paired-end read information. However, Illu-
mina sequencing is more prone to contaminations than ONT sequencing, because of the
PCR step, which may lead to propagation of even minor amounts of foreign DNA. Since
long read information is missing, even though Illumina reads are present, this region was
blasted against the nucleotide database at NCBI. Best hits with 98 % and more identity
derived from C. autoethanogenum and C. ljungdahlii. Respective sequences were extracted,
aligned against the C. coskatii reference assembly, and visualised in Figure 22. Expect for
one insertion of 162 bp at approx. base 4,252,800, this region is present for both rela-

Figure 22: Visualisation of the gap in R9.4 coverage and BLAST results with
R9.4 and Illumina reads mapped against the C. coskatii HybridUnicycler ref-
erence assembly. 1, Position of the genomic region; 2, annotation; 3, alignment of C. au-
toethanogenum BLAST hit; 4, alignment of C. ljungdahlii BLAST hit; 5, R9.4 >5 kb reads
coverage; 6, R9.4 >5 kb reads mapped against the reference; 7, Illumina reads coverage;
8, Illumina reads mapped against the reference; �lled bars (grey), single reads uniquely
mapped against the reference; empty bars (white), single reads which can be mapped in
more than one position against the reference; , insertion; -, deletion; mismatches are shown
by the color of the wrong nucleotide.

99



4 Discussion

tives and, consequently, foreign DNA contamination can be excluded. C. ljungdahlii and
C. autoethanogenum were sequenced using Sanger shotgun sequencing and a combination of
Illumina and PacBio sequencing, respectively (Köpke et al. 2010; Humphreys et al. 2015).
Since di�erent sequencing techniques led to similar results for both strains, a sequencing
error can be excluded. Nonetheless, it seems very unlikely that ONT sequencing, which is
a direct sequencing technique without ampli�cation steps, fails to sequence approx. 44 kbp,
though 898.4 x coverage was reached. Similar �ndings are described by Norris et al. (2016),
where ONT sequencing revealed large deletions not resolved by Illumina short reads. Al-
though DNA for Illumina and ONT sequencing was prepared from freshly inoculated stock
cultures, it was not the same DNA preparation, which was sequenced in both approaches.
Therefore, minor di�erences in DNA sequence due to factors such as mutation, mobile ele-
ments, phages, etc. may have already occurred between inoculation and DNA preparation.
Altogether, the actual reason for the discrepancy of 'mappability' of Illumina and ONT
reads and, ultimately, the correct consensus sequence could not be solved in this region
with the present data. Therefore, further information by e.g. Sanger sequencing is neces-
sary for a �nal conclusion.
The starting coordinates of the chromosome contig were set by HybridUnicycler accord-
ing to the found dnaA gene involved in replication initiation (Kaguni 2006; Zakrzewska-
Czerwi«ska et al. 2007). Further, the origin of chromosomal replication, as well as the
termination region, where both replication forks meet, show inversion of GC-skew (Lo-
bry 1996; Nec³ulea & Lobry 2007). This is in accordance to the start coordinates found
by HybridUnicycler (Figure 14A). Moreover, R9.4 reads coverage decreases from base 1
in clockwise and counter-clockwise direction (Figure 14A). Bacterial cells used for DNA
preparation were actively dividing and, thus, the chromosome was replicated within the
cells. At the time point of cell harvest, there were cells with a whole chromosome together
with a partly replicated copy prior to cell division. Therefore, chromosomal DNA around
the origin should be more abundant in the DNA preparation decreasing toward replication
termination, which is represented by the mapped reads distribution. This is not observ-
able in low depth R7 and Illumina sequencing. This tendency seems to be vice versa for
the plasmid contig (Figure 14B). However, this observation has technical reasons occurring
during the read mapping process. BWA-MEM does not account for circularised contigs
resulting in split reads, which map partially at the contig start and end. Consequently,
the larger part is aligned, while the smaller part is tagged as supplementary alignment (Li
2013). Depending on the visualisation software, these supplementary reads may not be
shown, which was the case in Figure 14B produced by BRIG. Therefore, coverage seems to
decrease near base 1, which would correspond to the contig start and end, if linearised.

4.2.3 Resolving the plasmid structure of C. coskatii

The correct detection and assembly of plasmids is a challenging task for assembly tools
especially in times still dominated by short read NGS (Nagarajan & Pop 2013). This can
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be, again, related to the inability to resolve repetitive sequences, which are very common in
bacterial plasmids (van Belkum et al. 1998; Oliveira et al. 2010). Thus, long reads can span
theses sequences to achieve correct placements in the genomic context (Figure 20B). Hybrid
assemblies of C. coskatii performed in this study yielded two closed contigs consisting of a
large chromosomal contig and a small approx. 19 kbp plasmid contig (3.7.2). Comparison
of the assembled plasmid contigs by HybidUnicycler and HybridCanu showed high simi-
larity (Figure 15). Furthermore, plasmid detection in WGS projects is often conducted
by coverage comparison between the contigs and alignment to known plasmid sequences
(Orlek et al. 2017). Both approaches can be applied to any available genome dataset with
one major drawback in each case. Plasmid detection via di�erences in coverage is especially
di�cult for low copy plasmids with equal copy numbers to the chromosome (Antipov et al.
2016a), while comparison with databases will fail, if similar sequences are not available or
not classi�ed as plasmids (Orlek et al. 2017). Nevertheless, both approaches were applied
during this study to con�rm the presence of a native plasmid in C. coskatii.
By mapping the di�erent read sets against the HybridUnicycler assembly, di�erences in
coverage for the chromosome and plasmid contig were observed (3.6.2 and Figure 14).
Thereby, the mean coverage of the plasmid contig is 6.6 - 7 times higher than the mean
chromosome coverage. The R7 dataset was excluded in this calculation due to the low
overall coverage. These results not only indicate the presence of a plasmid, they further
give evidence of a low copy plasmid estimated to have 7 copies per cell. BLAST comparison
of the plasmid contig showed one hit with high similarity to the p19 plasmid replication
protein from C. carboxidivorans P7 (Figure 15, Bruant et al. (2010)). Since independent
replication is prerequisite for every plasmid (del Solar et al. 1998), this result is another
evidence for a native plasmid in C. coskatii. The low copy number and high similarity to
the p19 plasmid �t to the results presented in the proof of concept talk by Nigel Minton
held at the C1net conference (Nottingham, UK) in 2017. He reported that the p19 replicon
was integrated in the pMTL80000 plasmid series and described stable replication and low
copy numbers in the acetogen Eubacterium limosum.
Physiological evidence of the presence of a native plasmid was achieved via plasmid iso-
lation and subsequent analytic digestion (Figure 16). Since no standard plasmid isolation
protocol is available for C. coskatii, di�erent methods were tested. The two best results
are shown in Figure 16A. Although the GeneRuler DNA Ladder Mix and GeneRuler High
Range DNA Ladder are used to estimate the length of linear DNA fragments, one distinct
large fragment in the range of 19 kbp and a small fragment between 2 and 2.5 kbp are
visible on the gel. According to the computed plasmid DNA sequence, in silico analysis
revealed two PvuI recognition sites. Corresponding analytic digestion revealed fragments
above the 10 kbp marker and between 6 and 8 kbp matching the predicted fragments of
11,949 bp and 6,826 bp, respectively. Again, a further fragment between 2 and 2.5 kbp is
visible, which is probably the fragment seen in Figure 16A either undigested or linearised.
Even though the exact length of this fragment cannot be determined, it is unlikely that this
fragment represents a plasmid larger than 5 kbp. Consequently, even if respective informa-
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tion is available in the total amount of reads, it was discarded due to the set read length
cuto� at 5 kbp. Moreover, resolving of very small plasmids is challenging for the assembling
tools (Orlek et al. 2017) and corresponding contigs may be misjudged and discarded by
certain settings, such as minimum contig length. Further analysis of the sequencing data
to �nd proof of a second small plasmid was beyond the scope of this study.
Altogether, ONT sequencing facilitates gap closure of draft genomes and can be used in
every laboratory. Moreover, upcoming work�ows for the determination of DNA methyla-
tion from raw sequencing data and direct RNA sequencing represent further tools for the
development of transformation protocols and, subsequently, metabolic engineering (Brown
2018).
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Even though C. aceticum is the �rst described acetogen, no reproducible protocol for
genetic modi�cation has been published in a peer-reviewed scienti�c article. Furthermore,
C. aceticum possesses cytochromes with still unknown function. In general, cytochromes
are involved in energy metabolism and are therefore promising targets for metabolic
engineering approaches in order to overcome energetic constrains ever present in acetogens.
Consequently, a transformation protocol for C. aceticum cells was developed during this
study.
To calculate transformation e�ciency, growth of C. aceticum on solid media plates was
evaluated. Colony formation of C. aceticum wildtype cells was shown using T.m. 8.1 and
YTF 8.1 solid medium plates.
The pMTL80000 shuttle plasmid series was expanded with respect to origin of replica-
tion for Gram-positives, potential essential genes from the native C. aceticum plasmid
pCACET, and antibiotic resistance resulting in the plasmids pMTL86151, pMK1, and the
plasmid series pMTL80551, respectively.
Systematic application of established electrotransformation protocols did not result in
recombinant C. aceticum strains. Thereby, di�erent origins of replication, electroporation
parameters, preculture and regeneration conditions, and in vivo methylation systems were
investigated.
Conjugation and sonoporation procedures were performed as an alternative to electro-
transformation without observing recombinant C. aceticum strains.
Restriction analysis identi�ed the REase Cac1496I as the main obstacle for electro-
transformation and probably conjugation. The corresponding MTase M.Cac1496I and
its isoschizomer M.MvaI were used for in vivo and in vitro methylation experiments.
However, plasmid DNA protection was not achieved. Consequently, the pMK80 plasmids
without respective recognition sites were constructed showing resistance to Cac1496I and
MvaI digestion.
Electrotransformation applying the Molitor protocol in combination with the pMK83
plasmid resulted in recombinant C. aceticum strains. This protocol is also suitable to
electrotransform the phylogenetically related acetogen C. formicaceticum.
Improving the growth of C. aceticum on solid media plates should be �rst priority for fur-
ther research. Followed by systematic improvement of the electrotransformation protocol in
order to reach a certain level of e�ciency, at which metabolic engineering becomes possible.

ONT enables every laboratory to sequence DNA using the MinION device. This new tech-
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nology generates long DNA reads, which can be used in combination with accurate Illumina
reads to produce high quality and closed genome assemblies. Since C. formicaceticum was
genetically modi�ed for the �rst time during this study and C. coskatii is an industrial
relevant acetogen, both organisms were resequenced using the MinION device.
The complete genome sequence of C. formicaceticum was resolved using R9.4 and Illumina
MiSeq reads. Therefore, di�erent assembling tools were employed and evaluated giving
detailed assembly statistics. Categorisation of annotated CDS into COGs was conducted.
Resequencing of C. coskatii with the MinION device and the R9.4 pore resulted in approx.
5 Gb sequencing yield. This corresponds to 898.4 x genome coverage. Comparison of data
produced by the R9.4 and the R7 pore demonstrated the maturation of ONT sequencing.
Comparison of various assembly approaches for the C. coskatii genome employing ONT
R7, R9.4, and/or Illumina MiSeq reads showed best performance using the HybridUnicylcer
and HybridCanu tools. Both assemblies are closed and of high quality due to the utilisation
of long ONT and accurate Illumina reads.
Assembly of the C. coskatii genome revealed a second closed contig. Coverage, GC con-
tent, and BLAST comparison clearly indicated the presence of a native plasmid, which was
ultimately con�rmed by isolation and analytic digestion.
ONT sequencing is suitable to �nish genome assemblies, if respective Illumina reads are
available. This can be realised without special laboratory equipment or expert knowledge in
sequencing. Furthermore, the rapid development of ONT sequencing will provide MinION
owner with new applications, such as methylation detection without DNA pretreatment
and direct RNA sequencing, in the near future.
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C. aceticum ist das erste beschriebene acetogene Bakterium, jedoch wurde bisher noch
kein Protokoll zur genetischen Modi�kation des Organismus in einer durch Fachleute
geprüften Zeitschrift publiziert. Auÿerdem besitzt C. aceticum Cytochrome, deren
Funktion in diesem Organismus noch unbekannt ist. Da Cytochrome typischerweise am
Energiehaushalt von Zellen beteiligt und Acetogene stark energielimitiert sind, könnten
entsprechende Gene ein Ziel für 'metabolic engineering' sein. Dafür wurde im Verlauf
dieser Arbeit ein entsprechendes Transformationsprotokoll entwickelt.
Um eine Transformationse�zienz bestimmen zu können, wurde das Wachstum von
C. aceticum auf Agarplatten untersucht. Dabei konnte Koloniebildung auf T.m. 8.1 und
YTF 8.1 Agarplatten beobachtet werden.
Die pMTL80000 Clostridium-E. coli -Schaukelplasmide wurden um folgende Funktio-
nen erweitert: einen Replikationsursprung für Gram-positive Bakterien, potentiell
essentielle Gene des native Plasmids von C. aceticum und eine modi�zierte Antibiotikum-
Resistenzkassette. Entsprechend wurden die Plasmide pMTL86151 und pMK1 sowie die
pMTL80551-Plasmide konstruiert.
Es wurden verschiedene etablierte Elektrotransformationsprotokolle getestet, mit denen
jedoch keine rekombinante C. aceticum-Stämme hergestellt werden konnten. Dabei
wurden unterschiedliche Replikationsursprünge, Elektroporationsparameter, Vorkultur-
und Regenerationsbedingungen sowie in vivo Methylierungssysteme verwendet.
Konjugation und Sonoporation wurden als Alternative zur Elektrotransformation durchge-
führt, jedoch konnten keine rekombinanten C. aceticum-Stämme nachgewiesen werden.
Die Restriktionsendonuklease Cac1496I wurde mit Hilfe einer Restriktionsanalyse identi-
�ziert und konnte als Hauptgrund für die erfolglosen Transformations- und wahrscheinlich
auch Konjugationsversuche eingestuft werden. Die entsprechende Methylase M.Cac1496I
und ihr Isoschizomer M.MvaI wurden für in vivo und in vitro Methylierungsexperimente
herangezogen, jedoch ohne einen Schutz der zu transformierenden Plasmid-DNA zu
erreichen. Infolgedessen wurden die pMK80-Plasmide konstruiert. Diese weisen keine
entsprechende Erkennungssequenzen auf und sind dadurch resistent gegen Cac1496I- und
MvaI-Verdau.
Unter Verwendung des Molitor-Elektroporationsprotokolls und des Plasmids pMK83
konnten erfolgreich rekombinante C. aceticum-Stämme nachgewiesen werden. Zudem
konnten mit diesem Protokoll rekombinante Stämme des phylogenetisch nah verwandten
acetogenen Bakteriums C. formicaceticum hergestellt werden.
Weitere Experimente sollten sich zunächst auf die Verbesserung des Wachstums von
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C. aceticum auf Agarplatten fokussieren, um dadurch eine Transformationse�zienz
bestimmen zu können und diese anschlieÿend sukzessiv zu erhöhen. Im Ergebnis könnte
dadurch 'metabolic engineering' in C. aceticum ermöglicht werden.

ONT gibt mit dem MinION-Sequenziergerät jedem Labor die Möglichkeit, DNA selbst
zu sequenzieren. Die dabei entstehenden langen DNA 'reads' können zusammen mit na-
hezu fehlerfreien Illumina 'reads' verwendet werden, um Genomsequenzen zu schlieÿen. Da
C. formicaceticum während dieser Arbeit zum ersten Mal genetisch modi�ziert wurde und
C. coskatii ein für die Industrie interessantes acetogenes Bakterium ist, wurden die Genome
beider Organismen mit dem MinION-Sequenziergerät erneut sequenziert.
Dabei wurde C. formicaceticum mit Flusszellen mit R7 und R9.4 Pore sequenziert. Die
Sequenzierergebnisse wurden verglichen und beurteilt. Dabei erzielte die R9.4 Pore in allen
relevanten Statistiken bessere Ergebnisse.
Die komplette Genomsequenz von C. formicaceticum wurde mit Hilfe von R9.4 und Il-
lumina MiSeq 'reads' entschlüsselt. Dafür wurden verschiedene Assemblierungswerkzeuge
benutzt und beurteilt, um detaillierte Assemblierungsstatistiken zu erstellen. Annotierte
CDS wurden in COGs kategorisiert.
Durch erneute Sequenzierung des Genoms von C. coskatii mit dem MinION-Gerät und der
R9.4 Pore wurden ungefähr 5 GB sequenziert. Dies entspricht einer 898,4-fachen Genomab-
deckung. Ein Vergleich der R9.4 und R7 Daten konnte die Weiterentwicklung der ONT-
Sequenzierung veranschaulichen.
Ein Vergleich verschiedener Assemblierungsversuche des Genoms von C. coskatii mit ONT
R7, R9.4 und/oder Illumina MiSeq 'reads' zeigte, dass die Programme HybridUnicycler
und HybridCanu die besten Ergebnisse aufweisen. Die entsprechenden Assemblierungen
des Genoms waren geschlossen und von hoher Qualität, da sowohl lange ONT 'reads' als
auch exakte Illumina 'reads' benutzt wurden.
Die Assemblierung des Genoms von C. coskatii zeigte ein zweites geschlossenes 'con-
tig'. 'Coverage', GC-Gehalt und BLAST-Vergleich wiesen auf ein natives Plasmid hin.
Dies wurde letztendlich durch Isolierung und analytischen Verdau des nativen Plasmids
bestätigt.
Die Sequenziertechnik von ONT ist grundsätzlich geeignet, um Genome vollständig zu
schlieÿen, wenn entsprechende Illumina 'reads' vorhanden sind. Das Sequenzieren mit
Geräten von ONT entwickelt sich stetig weiter, sodass es in naher Zukunft möglich sein
wird, methylierte Basen ohne Vorbehandlung zu erkennen oder RNA direkt zu sequenzieren.
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