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1. Introduction 

 

The genus Clostridium is one of the largest bacterial genera of Gram-positive, 

endospore-forming, strictly anaerobic bacteria, bringing together many species of high 

medical and biotechnological importance (Wells & Wilkins, 1996).  

Clostridium species can be found in human and animal gastrointestinal tracts, soils, 

sediments or decaying plant materials (Ma et al., 2012; Rupnik et al., 2009; Johnson et al., 

1997; Freier et al., 1988). Several free-living species synthesize extracellular or 

membrane-binding enzyme complexes, capable of degrading cellulose or hemicelluloses, 

and the insolubility of plant polymers increases their accessibility to soil- inhabiting 

clostridia. 

Cellulose and tightly bound hemicelluloses serve mainly to strengthen the structure of 

plant cell walls, but also play a role in protecting against numerous herbivorous unicellular 

organisms; hence the function of cellulose- and hemicellulose-degrading bacteria remains 

one of the most important in microbial communities. The cell walls of various plants are 

composed of different ratios of cellulose and hemicelluloses as well as of different types of 

glycans, yet in the majority the dominant hexose is glucose and the dominant pentoses are 

xylose and arabinose. Carbohydrate substrates from hydrolyzed hemicelluloses are 

converted to different intermediates, which can be used for the production of certain acids 

and solvents. The amount of solvents depends on the substrate used and is usually the 

highest with hexoses, particularly glucose (Jones & Woods, 1986). Clostridial 

solventogenic species can produce acetone, butanol and ethanol through ABE (acetone-

butanol-ethanol) fermentation (Dürre & Bahl, 1996) in large scale fermentors and some of 

them, like Clostridium acetobutylicum are already being closely studied. For the others, 

namely Clostridium saccharobutylicum, methods for genetic manipulations are still 

needed, although they are already being investigated for biotechnological purposes (Ni et 

al. 2013). 

The ability of C. acetobutylicum to synthesize industrially important solvents was 

discovered at the beginning of the 20
th 

century by Chaim Weizmann and nas been explored 

since WWI, during which its acetone production proved to be very important in the 

munitions industry (Jones & Woods, 1986). Since then many other Clostridium species 

have been isolated and investigated for the purposes of industry (Linville et al., 2013; 

Dredge et al., 2011). After the WWII interest in the exploitation of solventogenic clostridia 
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decreased, but today the world again faces the problem of limited sources of fossil fuels 

and a need for new, renewable sources of energy. Saccharomyces species or engineered 

Escherichia coli are capable of producing bioethanol (Mattam & Yazdani, 2013; 

Branduardi et al., 2013; McKee et al., 2012), yet this bulk chemical is of a lesser interest 

for the fuel industry than biobutanol. Butanol is a more attractive alternative to gasoline, 

considering its higher calorific value and lower water absorption compared to ethanol and, 

most importantly, it does not require any changes to be introduced in engines (Dürre, 

2007). Therefore, butanol produced via ABE fermentation by clostridia attracts much more 

attention as an attractive alternative to ethanol additives in gasoline. The clostridial 

production of bulk chemicals is not only cheaper than it used to be and already adapted to a 

large scale, but also does not contribute to the greenhouse effect. However, the preferred 

and most efficient source of energy for all these microbes is glucose, whose production is 

becoming more expensive and requires land for plantations. In times of global 

overpopulation this causes competition between the fuel and food industries. The non-

edible parts of plants which can serve as cheap and sustainable feedstock are rich in 

cellulose and hemicelluloses, the second having a less organized structure composed of 

shorter chains, and hence can be much more easily hydrolyzed than highly crystallized 

cellulose (Jurgens et al., 2012). 

Nowadays, the research in biotechnology continues to develop new methods to use plant 

waste (biowaste) as a source of carbons for clostridial fermentation (Berezina et al., 2009).  

 

1.1 Characterization of solventogenic species used in this work 

1.1.1. Clostridium acetobutylicum ATCC 824 

Clostridium acetobutylicum ATCC 824 was isolated in the form of a mixture of 

solventogenic organisms from plant-derived food (corn meal) and has been used since 

1916 for acetone-butanol-ethanol production. It is also called a ‘Weizmann Organism’ 

after its discoverer (Jones & Woods, 1986). 

The complete genome of C. acetobutylicum has been sequenced (Nölling et al. 2001) and 

in addition to 3.9 Mb chromosome, the pSOL1, a 210 kb large megaplasmid, was 

identified. In total 4022 open reading frames were described. Many of the genes important 

for sporulation and solventogenesis are located on pSOL1 (Cornillot et al., 1997), and 

therefore its loss results in the inability to form solvents or spores (Alsaker & Papoutsakis, 
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2005). In the genome of C. acetobutylicum the G+C content is 31%, similar to 

C. saccharobutylicum NCP 262. 

 

1.1.2. Clostridium saccharobutylicum NCP 262 

Clostridium saccharobutylicum NCP 262 (DSM 13864), formerly 

C. acetobutylicum, is one of the four industrial solvent-producing species (Johnson et al., 

1997; Keis et al., 1995). It was first isolated in South Africa in 1936 from a soya bean field 

and used for industrial butanol fermentations. The C. saccharobutylicum genome of 5.1 

Mb size has been sequenced by the Göttingen Genomics Laboratory and is available in the 

Doe Joint Genome Institute database (https://img.jgi.doe.gov) and recently also in the 

NCBI resources (Poehlein et al., 2013). The total number of genes is 4532, with a G+C 

content of 29%. 

As an industrial strain, C. saccharobutylicum has an important advantage over 

C. acetobutylicum, the model organism for solventogenic clostridia. The genes responsible 

for solventogenesis and sporulation are located on the chromosome of the microorganism, 

unlike C. acetobutylicum ATCC 824, which under certain conditions can easily degenerate 

by losing its mega plasmid, pSOL1, and the ability to produce solvents as a consequence 

(Cornillot et al., 1997). The amount of research focused on C. saccharobutylicum has been 

increasing lately, mainly due to its potential as a good solvent producer (Ni et al., 2013; 

Berezina et al., 2009; Liew et al., 2006) and the development of a methylation system for 

its transformation is highly desirable. This would allow a better understanding of the 

metabolism of the microorganism and the creation of new, high solvent yield-producing 

strains. 

 

1.1.3. Clostridium beijerinckii NCIMB 8022 

Clostridium beijerinckii NCIMB 8052 was isolated from plant-derived food (corn 

meal) and described as Clostridium acetobutylicum (Keis et al., 1995, Johnson et al., 

1997). It has a large genome of around 6.0 Mb in size with a total number of open reading 

frames of 5290. The G+C content in the chromosome is 30%. Nowadays C. beijerinckii is 

considered a great hope for industry (Qureshi et al., 2007, Lee et al., 2007), and in contrast 

to many clostridial species no glucose catabolite repression has been observed (Ezeji et al., 

2007). 

Subspecies of C. beijerinckii are ubiquitous in nature and can be found in soil and food-

derived samples all over the world (O’Brien & Morris, 1971). 
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1.2. Restriction-modification systems of Clostridium saccharobutylicum NCP 262 

The restriction-modification systems (RM) of unicellular organisms play the role of 

a simple defense system against exogenous DNA and are present in many microbes. They 

were discovered at the beginning of the 1950s and since then thousands of them have been 

found and described (Bickle & Krüger, 1993). Although these systems are composed of 

genetically diverse elements, they all play a very similar role. An RM system is typically 

composed of two opposing elements – the restriction enzyme (endodeoxyribonuclease, 

ENase) and the methylation enzyme (DNA-methyltransferase, MTase), as shown in 

figure 1.1. Genes encoding these enzymes are very often closely linked or overlapping. 

Both enzymes recognize specific, four- to eight-base-pair-long sequences of double-

stranded (ds) deoxyribonucleic acids and some of the RM systems are capable of 

recognizing also single stranded (ss) DNA. In general the cleavage occurs once for each 

recognized sequence and in most cases happens without energy input. It can take place 

either within or close to a recognized sequence, or in a completely random region (Wilson 

& Murray, 1991). 

All known RM systems have been classified into four types – type I, type II, type IIs and 

type III, which have been further subdivided into families. Systems that cannot be 

categorized into any of these types are simply grouped in a fifth, independent category of 

RM systems. Typical RM systems are presented in figure 1.1. 

Type II RM systems are the simplest and most common in nature. The MTase and ENase 

act independently and cut or methylate precisely at recognition site of a symmetric, 

continuous or interrupted, sequence. Endonucleases form homodimers in most cases, 

which facilitates the cleavage of both strands at once. Type IIs systems, where the ‘s’ 

stands for shift cleavage, act similarly to type II enzymes, but their recognition sequences 

are asymmetric and uninterrupted. The endonuclease genes are approximately twice as 

large as in type II and act as monomers. In type III systems the M subunit can act 

separately, like a methyltransferase, or form a heterodimer with the R subunit to act as a 

methyltransferase or endonuclease. Cleavage occurs only on one strand and is generally 

close (around 25 nucleotides) to a recognition sequence (Wilson & Murray, 1991). 
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In some organisms, i.e. bacteriophages, only methyltransferases are encoded in the 

genome, and serve as means of protection against the restrictases of their host bacteria. 

Bacillus phage φ3T possesses a multispecific MTase, which has been used to develop a 

methylation system for ribonucleotide delivery into Clostridium acetobutylicum cells 

(Mermelstein & Papoutsakis, 1993). 

 

 

Figure 1.1. Schematic representation of type I, II and III Restriction-Modification systems. Type I 

systems are the most complex and can evolve easily, creating new specificities ( (a), after Tyndall 

et al., 1994; (b), after Wilson & Murray, 1991). They are described in detail in section 1.2.1; HsdR, 

the restriction polypeptide; HsdM, the methylation polypeptide; HsdS, the specificity polypeptide; 

PrrC, a latent, phage T4 – induced anticodon nuclease. 



Introduction 

- 6 - 

 

Endonucleases could also appear as single genes, without methyltransferases, as a part of 

group I introns, recognizing asymmetric, degenerate and extended sequences of a range of 

around 20 base pairs. The insertion of an intron within these cut sequences changes their 

nucleotide structure and prevents the restrictase from further cleavage (Wilson & Murray, 

1991). 

The most closely studied solventogenic Clostridium species with an RM system is 

C. acetobutylicum (Nölling et al., 2001), which has been studied from the early 1920s on, 

yet a functional methylation system was reported no earlier than over 80 years later, in 

1993 (Mermelstein & Papoutsakis, 1993).  

 

1.2.1. Type I systems, structure and characterization 

Type I restriction-modification systems target specific DNA sequences and are the 

most diverse systems discovered so far. They encode one complex, multimeric enzyme 

(holoenzyme), composed of three subunits, whose behavior as an endonuclease or 

methyltransferase depends on the methylation state of the DNA. The hemimethylated 

DNA, appearing after DNA replication, is recognized by MTase and modified, while the 

unmethylated single- or double stranded DNA is cleaved by ENase in a random place 

(Murray, 2000; Wilson & Murray, 1991). The holoenzyme requires ATP for both its 

activities – as a restrictase or methyltransferase. Depending on the methylation status of the 

DNA, ATP stimulates either dissociation of the enzyme (methylated DNA), methylation of 

the second strand (hemimethylated DNA) or cleavage (non-methylated DNA). The enzyme 

consists of three subunits, HsdR, HsdM and HsdS, coded by hsd (host specificity for DNA) 

genes, all transcribed in the same direction. The MTase enzyme is composed of two HsdM 

and one HsdS subunits (M2S1), and an ENase enzyme is typically composed of an MTase 

and two HsdR subunits (R2M2S1). In type I systems the restrictase (R) subunit is usually 

transcribed from a different promoter than the methylation (M) and specificity (S) 

subunits, with a promoter located upstream of the M subunit (Bickle & Krüger, 1993). 

These systems have been found to be the most adaptable to new specificities, most 

probably due to their unique modularity and complexity. The flexibility of HsdS and its 
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quick changes of specificity make type I RM a perfect defense system against fast evolving 

bacteriophages (Fig. 1.2) (Youell & Firman, 2012; Krüger & Bickle, 1983). 

Although type I restriction enzymes recognize specific sequences of 6-7 base pairs, often 

separated by a non-specific spacer (Wilson & Murray, 1991), i.e. the sequence 

AACnnnnnnGTGC recognized by EcoKI (http://www.typei-rm.info), the cleavage itself 

may take place far from the recognition site and generally seems to be a random process. 

The modification always occurs within the recognized sequence at the N-6 group of 

adenine (Youell & Firman, 2012). The systems can be transferred between organisms 

without causing any harm to the recipient, which suggests a very tight control of their 

restriction activity, however it would be lethal to the host cell if the hsdR gene has been 

present and expressed prior to the transfer (Skrzypek & Piekarowicz, 1989). 

Studies on the type IC enzyme EcoR124I have shown that, at low concentrations of the 

HsdR subunit, the restriction activity of the holoenzyme is relatively weak due to the poor 

stability of the R2M2S1 complex. Even though the first HsdR subunit binds to trimeric 

MTase with high affinity, the attachment of the second subunit is much weaker and the 

complex dissociates easily. It is worth mentioning that the MTase-R complex shows 

modification activity on non-methylated DNA. This result stands in contrast to 

observations made on the type IA EcoKI enzyme, in which the R2M2S1 complex appears to 

be very stable (Janscak et al., 1998). 

The methylation reaction differs between families, and while the family IA MTase prefers 

hemi-methylated DNA, the IB and IC families can methylate either hemimethylated or 

non-methylated DNA (in the absence of the ATP) (Youell and Firman, 2012; Price et al., 

1987). 

The S subunit, often called a specificity subunit, contains two target recognition domains 

(TRDs) separated by two conserved domains (Fig 1.3) and is crucial for the recognition of 

the DNA sequence. TRD domains are responsible for binding to DNA, with TRD1 binding 

to 5’ part of the sequence and TRD2 binding to 3’ part of the sequence, and the conserved 

domains are important for protein-protein interaction. Due to the circular structure of the 

S subunit, TRDs can evolve quickly to bind new variations of sequences, which results in 

this RM system being extremely flexible. There are several ways to change the specificity 

of the S subunit described so far – swapping the TRDs sequences of related genes, unequal 

cross-over, affecting the spacer sequence, or the duplication of one TRD domain along 
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with the loss of the other one, leading to the recognition of the same fragment of sequence 

on both sense and antisense strands (Youell & Firman, 2012). 

HsdS translation is controlled by a mechanism using an out-of-frame overlap of hsdS and 

hsdM genes (Youell & Firman, 2012). However, studies show the removal of the 

frameshift between the HsdS and HsdM genes of the EcoKI enzyme and the creation of a 

fusion protein does not affect the ability of the MTase to effectively methylate DNA 

(Roberts et al., 2012). 

 

 

Figure 1.2. The possible evolutionary paths of the type IB RM methyltransferase from type IA/C 

RM methyltransferase (after Roberts et al., 2012). The same color coding has been used to 

indicate the same structural domains during the mutagenesis process. The HsdM subunit is 

composed of a catalytic domain (yellow), N-terminal domain (orange) and C-terminal domain 

(grey). The HsdS subunit is composed of TRDs (target recognition domains; light blue) and 

conserved helical regions (dark blue). The process is initiated with the deletion of half of the S 

subunit, followed by the frameshift and fusion of the M and ½ S subunits, or first with the frameshift, 

followed by the fusion of the M and S subunits and then the deletion of one TRD and conserved 

helical region of the S subunit.  
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The M subunit is the second part of the methyltransferase enzyme. It contains a site for a 

cofactor and methyl donor, S-Adenosylmethionine (AdoMet), and an active site for DNA 

methylation and its sequence is more conserved than the S subunit (Murray, 2002). 

The R subunit requires two co-factors, ATP and Mg
2+

. It possesses a highly conserved 

region, called the motif X, which is crucial for DNA cleavage. Any mutations in that 

region can lead to a lack of restriction activity of the whole R2M2S1 enzyme. The HsdR 

subunit can bind and nick single stranded DNA, but the cleavage of double-stranded DNA 

requires the recruiting of two R subunits, normally present on the whole holoenzyme 

(Youell & Firman, 2012). This theory was confirmed by Jindrova and colleagues (2005) in 

the work on cleavage mechanisms of type I restriction enzymes, showing how an EcoAI 

endonuclease mutant generated a high amount of nicked DNA, while the wild type enzyme 

could catalyze the cleavage of both strands. 

 

1.2.2. Brief characterization of type I RM families A, B and C 

Type I restriction – modification systems can be divided into five independent 

families, called IA, IB, IC, ID and IE, showing differences in antibody cross-reactivity, 

DNA hybridization pattern, subunit complementation and gene organization (Roberts et 

al., 2012, Youell & Firman, 2012; Levitz et al., 1990). In most cases the genes of the IA 

and IB families are located on a chromosome, while family IC members are encoded 

mainly on large conjugative plasmids (Youell & Firman, 2012). 

The type IA family is the oldest and most closely studied. Many well-known enzymes, i.e. 

EcoKI, EcoBI or EvoDI, belong to this family. Its chromosome location and gene 

organization is similar to the IB family. 
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Figure 1.3. Comparison of type IA/IC and type IB restriction-modification methyltransferase 

enzymes (after Roberts et al., 2012). Families IA and IC are closely related to each other, while 

type IB had evolved in different direction and presents different structure of both M and S subunits 

(compare with the figure 1.2).  

 

Compared to other families, the IB family has a significantly smaller HsdM subunit and a 

much longer S subunit, with elongated conserved regions (Kannan et al., 1989) as shown 

in figure 1.3.  

Type IC family genes are very often plasmid-encoded, like the genes for EcoR124I, which 

are located on a large conjugative plasmid. The structural difference between the IC and IA 

or IB families is that in the IC family the hsdR and hsdM-hsdS operon order is reversed 

(Fig. 1.1). This gene organization causes additional expression of hsdR from the hsdM-

hsdS promoter and in the case of the EcoR124I enzyme all three subunits are expressed 

and, in the presence of low amounts of R subunit, form a very unstable complex, 

dissociating from R2M2S1to more stable R1M2S1 (Kulik & Bickle, 1996).  

 

 

1.3. Sugar metabolism in Clostridium acetobutylicum ATTC 824 and 

Clostridium saccharobutylicum NCP 266 

 

1.3.1. Catabolic repression in bacteria 

Many bacteria, including C. acetobutylicum and C. saccharobutylicum, would 

consume only one sugar at a time when introduced to medium containing multiple sugars. 

This specific metabolic regulation, called carbon catabolite repression, is common among 

various bacterial species (Servinsky et al., 2010; Tangney et al., 2003; Brückner et al., 
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2002; Saier et al., 1996), and in general microorganisms prefer monosaccharides to 

polysaccharides, hexoses to pentoses. In C. acetobutylicum the glucose inhibits the 

expression of genes responsible for xylose or arabinose metabolism even at high 

concentrations of these pentoses, and the repression lasts until all the glucose is consumed 

(Xiao et al., 2011; Grimmler et al., 2010). Similar behavior was described in 

Bacillus subtilis in the context of arabinose utilization (Sá-Nogueira & Mota, 1997). 

Diauxic growth was also observed in Escherichia coli grown on a mixture of glucose and 

lactose, where the organism would consume glucose prior to lactose, along with the strong 

inhibition of genes of lactose metabolism caused by the presence of glucose in the cell 

(Desai & Rao, 2010). In the past, studies have mostly focused on the induction of 

metabolic pathways in response to a single sugar. Elements of these pathways: the 

transporters, enzymes and helper proteins, are expressed under an often very tight control 

when a certain sugar or its intermediates in the downstream pathways were present in the 

medium (Saier et al., 1996). These situations, however, are rarely if ever present in natural 

bacterial environments. Microorganisms are exposed to many carbon sources and the need 

to control their uptake and metabolism is crucial in conditions of constant competition for 

the most effective sources of energy. 

 

1.3.2. Sugar metabolism in solventogenic clostridia 

 

Knowledge of pentose metabolism in species of solventogenic clostridia is still very 

limited.  

Although it known that many microorganisms use glucose as the most effective carbon and 

energy source, little is known about the metabolism of other simple sugars present in large 

amounts in plant biomass, for example D-xylose and L-arabinose.  

Since plant material could serve as an easily accessible feedstock for biofuel-producing 

organisms, a more profound knowledge of their xylose and arabinose metabolism is 

needed. Some organisms, ABE-fermenting clostridia among them, can use these pentoses 

by hydrolyzing hemicelluloses – polysaccharides present along with cellulose in cell walls. 
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Figure 1.4. Schematic representation of xylose metabolism (A) via the pentose phosphate pathway 

(PPP) and arabinose metabolism (B) via the phosphoketolase pathway (PKP, as suggested by 

Servinsky et al., 2012) and via the Embden-Meyerhof-Parnas (EMP) pathway. Enzymes taking part 

in a recently proposed phosphoketolase reaction as part of pentose degradation in 
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C. acetobutylicum are marked in green. Numbers by arrows indicate the enzymes of those 

pathways: 

1, phosphoglucose isomerase; 2, phosphofructokinase; 3, fructose-bis-P aldolase; 4, 

triosephosphate isomerase; 5, glyceraldehyde-3-P dehydrogenase; 6, phosphoglycerate kinase; 7, 

phosphoglycerate mutase; 8, enolase; 9, pyruvate kinase; 10, pyruvate ferredoxin oxidoreductase; 

11, hydrogenase; 12, NAD
+
/NADH oxidoreductase; 13, phosphotransacetylase; 14, acetate kinase; 

15, xylose isomerase; 16, xylulose kinase; 17, epimerase; 18, isomerase; 19, transketolase; 20, 

transaldolase; 21, arabinose isomerase; 22, ribulose kinase; 23, ribulose-5-phosphate epimerase; 

24, phosphoketolase; 25, ribose-phosphate pyrophosphokinase; PRPP, phosphoribosyl 

pyrophosphate. 

(after Servinsky et al., 2012; Xiao et al., 2011) 

 

In general hexoses, such as glucose and mannose, are converted into pyruvate via the 

Embden-Meyerhoff-Parnas pathway (EMP), while pentoses are converted via the pentose 

phosphate pathway (PPP) and, among some microorganisms, such as heterofermentative 

lactic acid bacteria or Bifidobacterium, via the phosphoketolase pathway (PKP). 

 

1.3.2.1. Arabinose and xylose metabolism in C. acetobutylicum and 

C. saccharobutylicum 

 

C. acetobutylicum and C. saccharobutylicum are capable of fermenting xylose and 

arabinose, and traditionally it was suggested both sugars are metabolized via the pentose 

phosphate pathway (PPP) (Zhang et al., 2012; Xiao et al., 2011; Grimmler et al., 2010). 

During its non-oxidative branch there is firstly an interconversion of xylulose-5-P, D-

ribulose-5-P and ribose-5-P and then the transfer of a glycoaldehyde or dihydroxyacetone 

group between sugar phosphates by two key enzymes, transketolase or transaldolase, 

respectively (Fig. 1.4 A). This part of the PPP is reversible, and by the action of ribose-

phosphate pyrophosphokinase can lead to the formation of phosphoribosyl pyrophosphate 

(PRPP), an important intermediate for purine, pyrimidine and histidine metabolism (Karp 

et al., 2005; Kanehisa et al., 2014). L-Arabinose can enter the cell and be converted to L-

ribulose by arabinose isomerase and then by ribulose kinase into L-ribulose-5-P. Ribulose-

5-epimerase converts it to xylulose-5-P (X5P), which is metabolized through the PPP. The 
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conversion of arabinose to X5P requires one more step than the conversion of xylose, 

which should result in a growth advantage on xylose. However, for 

Clostridium acetobutylicum a much higher growth rate on arabinose than on xylose was 

observed (also in this study). The explanation for this phenomenon is not clear. It might be 

due to a lack of efficient xylose transport or the gene expression profile in 

C. acetobutylicum, especially the expression of transaldolase of the PPP (Servinsky et al., 

2012). Transcriptional analysis revealed the transketolase, transaldolase and epimerase 

genes are expressed with the same strength when the organism is growing on arabinose or 

on xylose, suggesting the differences in the metabolism of these two pentoses must result 

from another part of the pathway. It was suggested the crucial gene responsible for the 

much higher growth rate on arabinose is the phosphoketolase (pkt), CAC1343, and most 

recent studies have confirmed that CAC1343 is strongly induced by arabinose, but not 

xylose (Servinsky et al., 2012). However, it has been shown recently the phosphoketolase 

pathway can also contribute up to 40% of the xylose catabolic flux in C. acetobutylicum 

(Liu et al., 2012). 

The phosphoketolase enzyme has two main functions, firstly it can convert fructose-6-P 

(F6P) and inorganic phosphate into erythrose-4-P and acetyl-P; and secondly, it converts 

xylulose-5-P (X5P) and inorganic phosphate into glyceraldehyde-3-P (G3P) and acetyl-P. 

Some of the phosphoketolase enzymes can act as bi-functional, promiscuous enzymes on 

both the intermediates – F6P and X5P (Meile et al., 2001, Sánchez et al., 2010; Kim & 

Gadd, 2008). The phosphoketolase pathway is associated mainly with Bifidobacteria and 

heterofermentative lactic acid bacteria, not with clostridia, and no phosphoketolase gene 

was identified in C. saccharobutylicum or C. beijerinckii (this study). The presence of the 

CAC1343 gene in the genome of C. acetobutylicum led to assumptions it could have been 

transferred via a horizontal gene-transfer event (Sánchez et al., 2010). 

All pentoses were thought to enter the Embden-Meyerhof-Parnas (EMP) pathway through 

the PPP, as glyceraldehye-3-P and fructose-6-P. Recent studies have revealed that during 

the growth of C. acetobutylicum on arabinose the pkt gene is strongly upregulated and the 

pentose metabolism might use the phosphoketolase pathway, instead of the PPP (Fig. 1.4 

B), which would explain the advantage in growth rate compared to its growth on xylose 

(Servinsky et al., 2012; Xiao et al., 2011). Using a quantitative PCR reaction Zhang and 

colleagues have shown CAC1343 is 900-fold induced by arabinose compared to glucose 

and that its transcription is regulated by an arabinose regulator protein (AraR) (Zhang et 
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al., 2012). With the same method it was shown that this gene was induced 3-fold by 

xylose, but 185-fold by arabinose. In this study they also showed the CAC1343 gene of 

C. acetobutylicum encodes a bi-functional phosphoketolase (Servinsky et al., 2012). 

 

1.3.2.2. Comparison of the pentose phosphate pathway and phosphoketolase pathway 

 

The pathways of transport and metabolism of the main carbon sources are 

integrated into a central carbon metabolism (CCM). These pathways include, among 

others, the phosphotransferase system (PTS), the pentose phosphate pathway (PPP), the 

phosphoketolase pathway (PKP) or the tricarboxylic acid cycle (TCA) (Papagianni, 2012). 

During the fermentation process for every 30 carbon molecules coming either from 

5 glucose molecules or 6 pentose molecules that enter the EMP or PPP, 10 molecules of 

acetyl-CoA and acetyl-P are formed. However, if 6 molecules of pentose were metabolized 

via PKP, 12 molecules of acetyl-CoA and acetyl-P would be obtained. For EMP and PPP 

30 carbon molecules would give the same yield of ATP, redox balance, and amount of 

G3P formed, and similar metabolic outputs should be produced during acidogenic growth. 

Servinsky and colleagues (2012) calculated the acetate:butyrate ratio during acidogenic 

growth on glucose, xylose and arabinose and demonstrated they were indeed similar in 

glucose- and xylose-grown cells (0.83 and 0.72, respectively). In the arabinose-grown 

culture the ratio was 1.95, indicating a higher production of acetate compared to butyrate 

(Servinsky et al., 2012), and suggesting arabinose-derived carbon molecules can skip the 

EMP in the production of acetate (Fig. 1.4 B). 

1.3.2.3. Xylose metabolism 

 

D-xylose is a pentose sugar present in large amounts in plant biomass. There are 

several pathways of D-xylose metabolism known in nature: an oxido-reductase pathway 

present in eukaryotic organisms, the Weimberg pathway and Dahms pathway, both called 

oxidative pathways, and the fourth one - the isomerase pathway. The last three are 

typically used by prokaryotes (Wang R et al., 2013 and 2011; Dahms, 1974; Weimberg, 

1961). Solventogenic clostridia probably use the xylose isomerase pathway to convert the 
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aldose into D-xylulose, and this metabolism is being studied in detail in C. acetobutylicum 

(Jin et al., 2014; Li et al., 2013; Liu et al., 2012; Xiao et al., 2011). In other solventogenic 

clostridia, such as C. beijerinckii or C. saccharobutylicum, which are also known to 

produce high yields of biobutanol, the mechanism remains mostly unexplored. 

The isomerase pathway converts D-xylose into D-xylulose using an enzyme called xylose 

isomerase (XylA). Next, the xylulose kinase (XylB) phosphorylates D-xylulose to yield 

D-xylulose-5-phospate (Grimmler et al., 2010).  

1.3.2.4. Xylulose kinase (xylB) of C. acetobutylicum and C. saccharobutylicum 

 

Xylulose kinase is an important enzyme of xylose metabolism in many organisms 

(Bunker et al., 2013; Feng & Zhao, 2013; Cao et al., 2013; Wang et al., 2011), 

phosphorylating xylulose into xylulose-5-P (X5P). In the genomes of C. acetobutylicum 

and C. saccharobutylicum there are two xylB paralogs. According to studies on xylose 

metabolism in C. acetobutylicum two operons have been described – firstly, CAC1344 – 

CAC1349, independent from glucose repression, and secondly, CAC2610 – CAC2612, 

expressed only when all the glucose from the medium is depleted (Grimmler et al., 2010). 

In recent studies it has been shown that the first operon is crucial for arabinose rather than 

xylose metabolism and this xylB gene was re-named araK (Zhang et al., 2012). In 

C. saccharobutylicum two probable xylB genes are annotated, however no information on 

these genes or their function is available, and more details are needed for further strain 

improvements. 

 

1.4. Rhodobacter nitrogen fixation (Rnf) system in clostridia 

The Rhodobacter capsulatus nitrogen-fixating complex (Rnf) codes for a proton-

translocating ferredoxin:NAD
+
 oxidoreductase, involved in nitrogen metabolism through 

the conversion of energy (Biegel & Müller, 2010; Schmehl et al., 1993). In the genus 

Clostridium it is composed of six subunits, RnfABCDGE and located in the cellular 

membrane (Fig 1.5). It is quite common among Gram-positive bacteria and clostridia, 

being present in C. saccharobutylicum (CSA00568 – CSA00573), yet not in 

C. acetobutylicum (Poehlein et al., 2013; Tremblay et al., 2013; Wang Y et al., 2013 a; 

Müller et al., 2008). In many bacterial species the Rnf complex is essential for nitrogen 



Introduction 

- 18 - 

fixation, hence the name, and plays the role of a system for electron transport to 

nitrogenase. Enzymes of the Rnf family are believed to be redox-driven ion pumps for Na
+
 

or H
+
 transport across the membrane of a cell. In R. capsulatus and other nitrogen fixing 

bacteria the complex transports electrons from NADH to ferredoxin, with simultaneous 

proton transport across the membrane – from outside to inside (downhill), whereas in 

anaerobic bacteria the reaction is reversed – the transfer of positive ions to the outside of 

the cell is caused by electron transport from ferredoxin to NAD
+ 

(Tremblay et al., 2012; 

Biegel et al., 2011; Müller et al., 2008; Li et al. 2006; Curatti et al., 2005). In Clostridium 

thermocellum Rnf-like NADH:ferredoxin oxidoreductases were detected as part of H2 

generation pathways (Rydzak et al., 2012). 

Investigation of the Rnf complex mutants in different species of solventogenic Clostrida 

can give some insight into its role in energy conservation. 

 

 

Figure 1.5. The schematic representation of the Clostridium tetani Rnf complex functions, showing 

the flow of electrons from reduced ferredoxin (Fdred) through the Rnf complex to NAD
+
, and 

therefore generating a positive ion gradient across the membrane (after Müller et al., 2008). Similar 

subunits are marked with similar color coding; ox, oxidized; red, reduced.  
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1.5 Aim of this work 

 

The main aim of this work was to analyze the xylose and arabinose metabolism 

in three major solventogenic Clostridium strains, Clostridium acetobutylicum ATCC 

824, C. saccharobutylicum NCP 262 and C. beijerinckii NCIMB 8052. Based on the 

knowledge available at the beginning of the project along with the new data and 

experience collected during this work, not only was the role of arabinose and xylulose 

kinases investigated, but also the pentose and energy metabolism generally in all three 

strains. For these purposes various mutants in genes of different metabolic pathways 

were created. To this end, two methods were chosen, the ClosTron mutagenesis, which 

would disrupt a gene of interest by inserting an intron, and therefore could cause a polar 

effect on the genes located downstream, and the allelic exchange (ACE) method, which 

would produce a clean deletion, and markerless mutants, free of polar effect and which 

would allow multiple mutant creations. Additionally, a clean deletion system based on 

the upp-deficient strain for the allelic exchange in C. acetobutylicum should have been 

constructed prior to the creation of clean deletion mutants. Similarly, a methylation 

system to overcome the restrictases of the microorganism and an efficient way of 

introducing exogenous genetic material into host cells needed to be established prior to 

the application of the ClosTron method in C. saccharobutylicum. This part of the study 

was broadened by the investigation of the intron mutants of two restrictases of 

C. saccharobutylicum. 

The ClosTron and clean deletion mutants of arabinose and xylulose kinases in 

C. acetobutylicum and C. saccharobutylicum and of phosphoketolase in 

C. acetobutylicum were analyzed regarding their phenotype, their ability to use pentoses 

as a carbon and energy source, their sugar consumption and fermentation profiles. 

Furthermore the gene transcription pattern of the wild type C. acetobutylicum in a 

xylose-supplemented, phosphate-limited continuous culture was analyzed and compared 

with results from previous experiments. 

Additionally, a ClosTron mutant in the Rnf complex of C. beijerinckii was created to 

examine its phenotype and compare the results to previous studies on 

Clostridium ljunghdalii. 
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2. Materials and Methods 

2.1. Strains and plasmids 

 

All strains and plasmids used during this study are listed in table 2.1 and table 2.2.  

 

Table 2.1. Strains used during this study 

Strain Relevant characteristics Reference 

   

Clostridium acetobutylicum 

ATCC 824 

Wild type (WT) Nölling, Breton et 

al. 2001 

C. acetobutylicum ΔpyrE C. acetobutylicum ATCC 824_ΔpyrE Heap et al., 2012 

C. acetobutylicum araK::int C. acetobutylicum ATCC 

824_1344::ermB 

This study 

C. acetobutylicum xylB::int C. acetobutylicum ATCC 

824_2612::ermB 

This study 

C. acetobutylicum pkt::1int C. acetobutylicum ATCC 

824_1343::ermB 

This study 

C. acetobutylicum pkt::2int C. acetobutylicum ATCC 

824_1343::ermB 

This study 

C. acetobutylicum ΔxylB C. acetobutylicum ATCC 

824_Δ2612, ΔpyrE 

This study 

C. acetobutylicum ΔaraKΔxylB C. acetobutylicum ATCC 

824_Δ1344Δ261ΔpyrE 

This study 

C. acetobutylicum araK::int – 

pJL5.1 

C. acetobutylicum ATCC 

824_1344::ermB, with 

complementation plasmid pJL5.1 

This study 
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C. acetobutylicum xylB::int – 

pJL6.1 

C. acetobutylicum ATCC 

824_2612::ermB, with 

complementation plasmid pJL6.1 

This study 

Clostridium saccharobutylicum 

NCP 262 

Wild type (WT) DSMZ 13864 

C. saccharobutylicum hsdR1::int C. saccharobutylicum NCP 

262_::00451::ermB 

This study 

C. saccharobutylicum hsdR2::int C. saccharobutylicum NCP 

262_02977::ermB 

This study 

C. saccharobutylicum araK::int C. saccharobutylicum NCP 

262_00774::ermB 

This study 

C. saccharobutylicum xylB::int C. saccharobutylicum NCP 

262_03335::ermB 

This study 

C. saccharobutylicum araK::int – 

pJL7.1 

C. saccharobutylicum NCP 

262_00774::ermB, with 

complementation plasmid pJL7.1 

This study 

C. saccharobutylicum xylB::int – 

pJL8.1 

C. saccharobutylicum NCP 

262_03335::ermB, with 

complementation plasmid pJL8.1 

This study 

Clostridium beijerinckii NCIMB 

8052 

Wild type (WT) NCIMB 8052 

C. beijerinckii rnfC::int Clostridium beijerinckii NCIMB 

8052_2449::ermB 

This study 

E. coli Top10 F-, mcrA, φ80lacZΔM15, 

Δ(mrr-hsdRMS-mcrBC), 

ΔlacX74, recA1 

araD139, Δ(ara-leu)7697, 

galU, galK, rpsL, (Str
R
), 

Invitrogen 
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endA1, nupG 

E. coli ER1793 mcrA
-
 mcrBC

- 
mrr

-
 New England 

Biolabs 

E. coli CA434 HB101 carrying the IncPb 

conjugative plasmid, R702, Kan
R
 

 

E. coli Top10 – pJL1 E. coli Top10 with pJL1 plasmid This study 

E. coli Top10 – pJL2 E. coli Top10 with pJL2 plasmid This study 

E. coli – pAN1 E. coli ER2275 with pAN1 plasmid Mermelstein & 

Papoutsakis, 1993 

E. coli – pAN2 E. coli ER2275 with pAN2 plasmid Mermelstein & 

Papoutsakis, 1993 

E. coli ER2275 endA1, recA1, Δ(mcr-hsd-mrr) Prof. Dr. E. T. 

Papoutsakis; 

Evanston, USA 

 

 

Table 2.2. Plasmids used during this study 

Plasmid Size (kbs) Relevant characteristics Reference 

    

pACYC184 4.245 Expression vector in E. coli, p15A1, 

Tc
R
 Cm

R
 

DSMZ 

pUC19 2.686 Expression vector in E. coli, Amp
R
 Vieira & Messing, 

1982 

pAN1 7.000 oriR, φ3tI, p15A, Cm
R
 Mermelstein & 

Papoutsakis 1993 

pAN2 7.000 oriR, φ3tI, p15A, Tet
R
 Mermelstein & 

Papoutsakis 1993 
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pCH1 4.328 ori repL, ori pBR322, Amp
R
, Erm

R 
Held, PhD thesis, 

2013 

pCLF1-1 4.878 Flp, Cm
R
 Nigel Minton, 

University of 

Nottingham 

pMTL-ME3 3.561 Modular plasmid for clean deletion 

in Clostridium, Cm
R
, Csp pyrE 

Ehsaan, PhD 

thesis, 2013 

pMTL-ME6X 4.930 Modular plasmid, pfdx, Cm
R
 Ehsaan, PhD 

thesis, 2013 

pJet 2.974 ori pMB1,pT7, Amp
R 

Thermo Scientific 

pJL1 5.733 Derived from pACYC184, hsdMSI, 

pT7, Tc
R
  

This study 

pJL2 6.314 Derived from pACYC184, 

hsdMSII, pT7, Tc
R
  

This study 

pJL3 4.540 pMTL-ME3-derived vector for 

clean deletion of 

C. acetobutylicum araK 

This study 

pJL4 4.519 pMTL-ME3-derived vector for 

clean deletion of 

C. acetobutylicum xylB 

This study 

pJL5.1 6.604 pMTL-ME6X-derived vector for 

C. acetobutylicum araK::int 

complementation; pfdx, 

This study 

pJL6.1 6.178 pMTL-ME6X-derived vector for 

C. acetobutylicum xylB::int 

complementation; pfdx, 

This study 

pJL7.1 6.357 pMTL-ME6X-derived vector for 

C. saccharobutylicum araK::int 

complementation; pfdx, 

This study 

pJL8.1 6.288 pMTL-ME6X-derived vector for This study 
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C. saccharobutylicum xylB::int 

complementation; pfdx,  

pJL9-520 5.192 pCH1-derived vector for clean 

deletion of C. acetobutylicum upp  

This study 

pJL10 4.922 pCH1-derived vector for clean 

deletion of C. acetobutylicum upp 

This study 

pJL11 5.522 pCH1-derived vector for clean 

deletion of C. acetobutylicum upp 

This study 

pJL11-RecA 6.723 pCH1-derived vector for clean 

deletion of C. acetobutylicum upp; 

recA 

This study 

pMADKupp
- 

8.868 pMADK derivative with 

homologous regions for the deletion 

of the uracil 

phosphoribosyltransferase  

gene (upp), Amp
R
Cm

R
Erm

R 

Krauße, PhD 

thesis, 2012 

pMTL007C-E2 8.925 E. coli-Clostridium shuttle vector 

with the Ll.ltrB group II intron 

containing an ermB cassette 

activated by retrotransposition, Cm
R
 

Heap et al., 2010 

pMTL007C-

E2::Cac araK-

260|261a 

~11.500 pMTL007C-E2-derived plasmid 

with re-targeted region for 

C. acetobutylicum araK gene 

(CAC1344) 

This study 

pMTL007C-E2::Cac 

pkt.1-1887|1888s 

~11.500 pMTL007C-E2-derived plasmid 

with re-targeted region for 

C. acetobutylicum pkt gene 

(CAC1343), rear part 

This study 

pMTL007C-E2::Cac 

pkt.2-621|622s 

~11.500 pMTL007C-E2-derived plasmid 

with re-targeted region for 

C. acetobutylicum pkt gene 

This study 
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(CAC1343), middle part 

pMTL007C-

E2::Cac upp- 84|85a 

~11.500 pMTL007C-E2-derived plasmid 

with re-targeted region for 

C. acetobutylicum upp gene 

(CAC2879) 

This study 

pMTL007C-

E2::Cac xylB-

843|844s 

~11.500 pMTL007C-E2-derived plasmid 

with re-targeted region for 

C. acetobutylicum xylB gene 

(CAC612) 

This study 

pMTL007C-

E2::Csa araK- 

1104|1105s 

~11.500 pMTL007C-E2-derived plasmid 

with re-targeted region for 

C. saccharobutylicum araK gene 

(CSA00774) 

This study 

pMTL007C-

E2::Csa xylB- 

1143|1144s 

~11.500 pMTL007C-E2-derived plasmid 

with re-targeted region for 

C. saccharobutylicum xylB gene 

(CSA03335) 

This study 

pMTL007C-

E2::Csa_hsdR1- 

2565|2566s  

~11.500 pMTL007C-E2-derived plasmid 

with re-targeted region for 

C. saccharobutylicum hsdR1 gene 

(CSA00451) 

This study 

pMTL007C-

E2::Csa_hsdR2-

2220|2221s 

~11.500 pMTL007C-E2-derived plasmid 

with re-targeted region for 

C. saccharobutylicum hsdR2 gene 

(CSA02977) 

This study 

pMTL007S-E2 9.196 E. coli-Clostridium shuttle vector 

with the Ll.ltrB group II intron 

containing an ermB cassette 

activated by retrotransposition, Sp
R
 

Heap et al., 2010 

pMTL007S-E2::Cbei 

rnfC-783|784s 

~11.500 pMTL007C-E2-derived plasmid 

with re-targeted region for 

C. beijerinckii rnfC gene 

This study 
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(CBEI2449) 

pMTL82151 5.254 pBP1, Cm
R
, ColE1 + tra, MSC Heap et al., 2009 

pMTL83151 4.476 pCB102, Cm
R
, ColE1 + tra, MSC Heap et al., 2009 

pMTL84151 6.297 pCD6, Cm
R
, ColE1 + tra, MSC Heap et al., 2009 

pMTL85151 3.729 pIM13, Cm
R
, ColE1 + tra, MSC Heap et al., 2009 

 

2.2. Media, buffers and supplements 

 

Media, buffers and solutions were dissolved in distilled or double-distilled water and 

autoclaved for 20 min at 121°C, at a pressure of 2 bars if not otherwise indicated. 

Thermosensitive solutions, vitamins and antibiotics stocks were filtered 

(Spritzenvorsatzfilter, 0.45 µm, Sartorius) into sterile flasks.  

Solid media were prepared with the addition of 1.5% (w/v) agar and autoclaved. 

2.2.1 Complex media 

 

Complex (rich) media used for culture maintenance and genetic manipulations were 

dissolved in distilled water (H2O). Media used for growth curves, gas chromatography 

experiments and enzymatic assays were dissolved in double-distilled water (ddH2O). 

Antibiotics were added to maintain plasmids or mutant strain selection after the 

autoclaving step. 

LB (Luria-Bertani)-Medium (Sambrook 2001)  

Tryptone 

Yeast extract 

NaCl 

H2O 

10 g 

 5 g 

10 g 

to 1000 ml 
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Modified 2 x YTG-Medium  

Glucose 

Tryptone 

Yeast extract 

NaCl 

H2O 

 7.5 g 

16 g 

10 g 

 5 g 

to 1000 ml 

 

CGM  (Clostridial growth medium, Hartmanis and Gatenbeck, 1984, modified) 

Glucose 

KH2PO4 

K2HPO4 

(NH4)2SO4 

MgSO4 x 7 H2O 

MnSO4 x H2O 

FeSO4 x 7 H2O 

NaCl 

Yeast extract 

Asparagine 

H2O 

pH 

50 g 

 0.75 g 

 0.75 g 

 2 g 

 0.71 g 

 0.01 g 

 0.01 g 

 1 g 

 5 g 

 2 g 

to 1000 ml 

6.9 

 

The pH was set using NaOH before autoclaving. Glucose, asparagine and iron sulphate 

solutions were sterile filtered and added after autoclaving. 



Materials and Methods 

- 28 - 

Reinforced Clostridial Medium (Difco, BD) 

The RCM was always prepared according to the recommendations of the manufacturer. 

There was no need to establish the pH and the medium was already supplemented with 

carbon sources. If needed, the medium was additionally supplemented with glucose as 

indicated in the experiment. 

2.2.2 Synthetic media, vitamin and salt solutions 

 

Minimal (synthetic) media 

All minimal media were dissolved in double distilled water (ddH2O). Vitamins and 

additional solutions were added according to the requirements of the recipe or the 

requirements of a strain. Antibiotics were added to maintain plasmids or for mutant 

strain selection. 

MM-MES (Mineral Medium MES-based) (synthetic medium, modified) 

Glucose 

(NH4)2SO4 

MgSO4 x 7 H2O 

KH2PO4 

K2HPO4 

FeSO4 x 7 H2O 

PABA 

Biotin 

MES 

ddH2O 

pH 

60 g 

 2 g 

 0.22 g 

 0.55 g 

 0.55 g 

 0.011 g 

 8 mg/ml 

 0.1 mg/ml 

21.3 g 

to 1000 ml 

6.6 

The pH was set using NaOH and sterile filtered, not autoclaved. 
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For spore formation an optional addition of 2.3 ml of acetate was added.  

 

In the standard MM-MES recipe the pH was set using 30% NH4OH and there was no 

supplementation with (NH4)2SO4. However, ammonium hydroxide is highly volatile 

and worse growth in the standard medium was observed, therefore this change was 

proposed as a solution for the problem. 

 

 

Vitamin solutions for MM-MES 

Biotin solution, 1000 x concentrated 

Biotin 

ddH2O 

10 mg 

100 ml 

 

 

P-Aminobenzoic Acid solution (PABA), 500 x concentrated 

PABA 

ddH2O 

400 mg 

100 ml 

Vitamin solutions should be prepared in advance and kept at 4°C.  
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CBM (Clostridial Basal Medium) (O’Brien & Morris, 1971, modified) 

MgSO4 x 7 H2O 

MnSO4 x H2O 

FeSO4 x 7 H2O 

PABA 

Biotin 

Thiamine-HCl 

Casein hydrolysate (enzymatic only, 

Oxoid) 

ddH2O 

200 mg 

7.58 ml of a 1 mg/ml stock 

10 ml of a 1 mg/ml stock 

1 ml of a 1 mg/ml stock 

20 µl of a 0.1 mg/ml stock 

1 ml of a 1 mg/ml stock 

4.0 g 

to 800 ml 

 

For 1.5% agar 15 g of bacteriological agar was added at this stage.  

 

The medium was sterilized by autoclaving and supplemented with sterile filtered: 

Glucose (1% final) 

KH2PO4 

K2HPO4 

ddH2O 

10 g 

10 ml of a 50 mg/ml stock 

10 ml of a 50 mg/ml stock 

to 200 ml 

 

At this stage the pH should have reached ~6.9. 

For sporulation or solventogenesis assays and batch cultures 5% (w/v) glucose was 

used, and 5g/l of CaCO3 was added to the medium prior to autoclaving.  

This medium was used mainly to induce sporulation of Clostridium strains and for spore 

stock preparations. 
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All continuous culture experiments were prepared in a phosphate-limited medium. 

Sugars, vitamins, FeSO4 x 7 H2O solution and all salt solutions were sterilized using a 

0.45 µm filter and added after autoclaving.  

 

MMVK Medium (Minimal Medium for precultures) 

Glucose 20 g 

CaCO3  1 g 

KH2PO4  1 g 

K2HPO4 x 3 H2O  1 g 

(NH4)2SO4  2 g 

MgSO4 x 7 H2O  0.1 g 

MnSO4 x H2O  0.01 g 

FeSO4 x H2O  0.015 g 

NaCl  0.01 g 

Na2MoO4 x H2O  0.01 g 

CaCl2 x H2O  0.01 g 

Biotin  0.1 mg 

Thiamin - HCl  2 mg 

p-Aminobenzoic Acid  2 mg 

Resazurin (0.1% (w/v))  1 ml 

Na2S2O4  0.035 g 

ddH2O to 1000 ml 
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PLMM (Phosphate-limited minimal medium for fermentors, modified 

Carbon source 600 g 

KH2PO4  1.05 g 

(NH4)2SO4  30 g 

MgSO4 x 7 H2O  1.5 g 

MnSO4 x H2O  0.225 g 

FeSO4 x H2O  0.225 g 

NaCl  0.15 g 

Na2MoO4 x H2O  0.15 g 

CaCl2 x H2O  0.15 g 

Biotin  1.5 mg 

Thiamin - HCl  0.03 g 

p-Aminobenzoic Acid  0.03 g 

ddH2O to 15 l 

 

The pH was adjusted to a value of 2.0 with H2SO4. 
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Medium supplements: 

Salt solution for minimal media 100 x concentrated 

MgSO4 x 7 H2O 1 g 

NaCl 0.1g 

Na2MoO4 x 2 H2O 0.1 g 

CaCl2 x 2 H2O 0.1 g 

MnSO4 x H2O 0.15 g 

ddH2O to 100 ml 

 

 

 

Vitamin solution for minimal media, 100 x concentrated 

Biotin  10 mg 

Thiamin – HCl 200 mg 

p-Aminobenzoic acid 200mg 

ddH2O to 1000 ml 

 

 

FeSO4 x 7 H2O solution (15 mg/ml) 

FeSO4 x 7 H2O  150 mg 

ddH2O to 10 ml 

 

The pH was adjusted to a value of 2 with H2SO4 
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Na2S2O4 solution (35 mg /ml) 

Na2S2O4 was used as a reduction agent for residues of oxygen remaining in the medium 

and was added at the very end of the media preparation. 

Na2S2O4  175 mg 

ddH2O to 5 ml 

Na2S2O4 solution should be stored anaerobically. 

 

All solutions were sterile filtered and stored at 4°C. 

 

2.2.3. Additional solutions 

 

Sugar solutions (50%) 

Glucose 

ddH2O 

250 g 

500 ml 

Autoclaved 

 

Xylose 

ddH2O 

250 g 

to 500 ml 

Autoclaved 

 

Arabinose 

ddH2O 

250 g 

to 500 ml 

Autoclaved 
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Fructose 

ddH2O 

250 g 

to 500 ml 

Sterile filtered 

 

Ribose 

ddH2O 

250 g 

to 500 ml 

Sterile filtered 

 

 

The glucose, xylose and arabinose were autoclaved in normal conditions for 15 minutes 

instead of 20 minutes. Only crystal clear solutions were used as sugar stock solutions, as 

darkening indicated sugar degradation due to high temperature, which alters its 

concentration. Fructose and ribose were sterile filtered using 45 µm filters. 

All sugars were dissolved in double distilled water heated up to 60°C. 
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2.2.4. Antibiotics and additives 

 

Antibiotics Stock solution Working concentrations 

  E. coli Clostridia 

Ampicilin 100 mg/ml in H2O 100 µg/ml -  

Chloramphenicol 25 mg/ml in EtOH (90% (v/v)) 25 µg/ml -  

Thiamphenicol 15 mg/ml in EtOH (90% (v/v)) - 15 µg/ml 

Spectinomycin 750 mg/ml in H2O - 750 µg/ml 

Tetracycline 10 mg/ml in EtOH (70% (v/v)) 10 µg/ml -  

Kanamycin 50 mg/ml in H2O 50 µg/ml -  

Clarithromycin 5 mg/ml in EtOH (90% (v/v)) -  5 µg/ml 

Erythromycin 5 mg/ml in EtOH (90% (v/v)) -  5 µg/ml 

Lincomycin 5 mg/ml in EtOH (90% (v/v)) -  5 µg/ml 

Polymyxin B 40 mg/ml in H2O 40 µg/ml -  

Cefoxitin 10 mg/ml in H2O 10 µg/ml -  

Colistin 10 mg/ml in H2O 10 µg/ml -  

D-cycloserine 25mg/ml in H2O 25 µg/ml -  

5-fluorouracil (5-FU) 200 mg/ml In DMSO -  200 µg/ml 

5-fluoroorotic acid 

(5-FOA) 

1 g/ml in DMSO -  2 mg/ml 

 

Antibiotic solutions in 70%-100% alcohol can be used without filtration; all other 

solutions should be sterile filtered. Antibiotic stocks must be kept at -20°C in aliquots to 

avoid repetitive freeze/thaw cycles. 
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2.2.5. Commonly used buffers 

 

PBS buffer 

NaCl 

KCl 

KH2PO4 

Na2HPO4 

ddH2O 

8 g 

0.2g 

0.24 g 

1.44 g 

to 1000 ml 

 

20x TAE Buffer (DNA Gel electrophoresis) 

Tris 

Acetic Acid (100%) 

EDTA 

H2O 

96.9 g 

22.8 g 

 3.8 g 

to 1000 ml 

 

TE Buffer (pH 8.0) 

Tris 

EDTA 

10 mM 

 1 mM 

  

Tris Buffer (pH 8.0) 

Tris 1 M 

 

The pH was set with HCl. 
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2.3. Cultivation methods 

 

During the cultivation of liquid cultures of E. coli and Clostridium strains samples for 

optical density determination were taken at every time point and measured using the 

Spectrophotometer (Ultrospec 2100 pro, Amersham Biosciences). For this machine a 

believable range was set between 0.1 – 1.0, and therefore dilutions were made if 

necessary. For clostridial growth curves, samples for pH measurements were also 

gathered (non-diluted) and measured using a pH Meter (pH 720 WTW series, inoLab). 

Three technical replicates were made for the optical density measurement of all samples 

taken from hungate or batch culture experiments. The OD values were measured three 

times for each sample; the average value was calculated and used as the right optical 

density value of a culture. The measurements were considered significant if the 

difference between the average and the measured OD values was below 0.005, and only 

then were they used for a graphic representation of an experiment. 

Similarly, three technical replicated were made for the pH measurements, and the 

results were considered significant if the difference between the average and the 

measured pH values was below 0.02. 

 

2.3.1. Cultivation of E. coli strains 

 

All E. coli cultures were prepared in an LB medium with appropriate antibiotics at 37°C 

with shaking. Fresh cultures for chemocompetent cell preparation or conjugation were 

inoculated with overnight cultures to the OD600 of ~0.1. For plasmid isolation overnight 

cultures were used. Colonies kept on solid media were re-streaked onto a fresh plate 

every two weeks.  

For strain preservation glycerol stocks (30% glycerol, 70% LB medium) were prepared 

from 2 ml of overnight cultures, spun down at 5000 rpm for 5 min and resuspended in 1 

ml of glycerol-LB solution. 
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2.3.2. Cultivation of Clostridium strains  

 

All three Clostridium strains required different liquid and solid media for cultivation 

and maintenance. A short list of strains and their cultivation requirements for strain 

maintenance are presented below: 

 Medium 

Organism Liquid Solid 

C. acetobutylicum ATCC 824 CGM CGM 

C. saccharobutylicum NCP 262 CGM 2xYTG 

C. beijerinckii NCIMB8052 RCM RCM or 2xYTG 

 

Heat shock procedure 

The heat shock procedure is a simple way to induce a germination process of clostridial 

spores. The spore suspension (100-200 µl, depending on the stock culture quality) 

should be incubated for 10 minutes at 80°C for C. acetobutylicum or C. beijerinckii and 

10 minutes at 70°C for C. saccharobutylicum. After incubation the total suspension 

volume should be plated on agar plates with no antibiotic selection and left at 37°C for 

2-4 days. 

 

 

Hungate and batch cultures 

Clostridial cultures for DNA isolation were prepared in 5 ml of an appropriate, rich 

medium in anaerobic hungate tubes. The precultures for batch cultures were prepared in 

5 ml of anaerobic, rich or minimal medium (in hungates), or in 20 ml of anaerobic 

medium (in 100 ml bottles), and then used to inoculate the appropriate amount of 

medium in anaerobic bottles, so the starting OD600 value was between ~0.1 – 0.25. For 

standard growth curves in fermentation profile experiments 60 – 100 ml of medium was 

used.  
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Continuous fermentation 

Continuous culture is an alternative for batch culture experiments, enabling more 

detailed and precise observation of strain behavior during the acidogenesis and 

solventogenesis and the switch between both. Throughout the entire fermentation 

process fresh medium is constantly added to the fermentation flask, while the same 

amount of culture is washed away and collected in the so called ‘waste bottle’. 

Therefore the main limitation on the duration of the continuous culture is the volume of 

fresh medium. The pH value is constantly monitored by a built-in electrode and could 

be changed as necessary. 

Continuous cultures were preparedin a small scale fermentor with a volume of 15 l. The 

experiment was designed to investigate the strain behavior in precisely described and 

maintained conditions, with all parameters constantly monitored. The pH values were 

constant, except for the switch from acidogenesis to solventogenesis. 

The cultures were started from spores by a heat shock and the first liquid culture was 

prepared in a rich medium (CGM). The two following liquid cultures were done in an 

anaerobic minimal medium for precultures (MMVK), and later introduced into a big, 15 

l fermentor flask with a phosphate limited medium (PLMM) in a Biostat B PLUS 

fermentor system (Sartorius). Around 10-12 h after inoculation of the PLMM medium 

the culture had reached an OD600 value high enough to start the fermentation 

experiment, and from this moment the OD600 values and sugar concentration were 

measured every 24 hours. The dilution rate was set at 0.075 h
-1

. The pH was maintained 

at pH 5.7 by the addition of 2M KOH. When the optical density reached stable values 

and cells entered steady acidogenic growth and the first two 13 ml sample for RNA 

isolation had been taken, the switch to a solventogenic state was induced by the 

discontinuation of the KOH addition. At each pH shift – at the pH values of 5.5, 5.2, 

4.9, 4.7 and 4.5, two 13 ml samples for RNA isolation were taken. A steady 

solventogenic growth was reached when the optical density values stabilized, the last 

two samples for RNA isolation were taken (pH 4.5) and the fermentation was 

considered finished (Grimmler et al., 2011). The phosphate-limited continuous cultures 

were performed as described previously (Bahl et al., 1982; Fischer et al., 2006). For the 

fermentation profile, supernatants from 2 ml of culture were frozen and stored at -20°C. 

For microarray analysis, cell pellets from 10 ml of culture were collected by 
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centrifugation at -20°C, 9000 rpm (Hettich Universal 320R, Sartorius) for 5 min and 

immediately frozen in liquid nitrogen. Cell pellets were stored at -80°C.  

 

Plate and PCR tests for confirmation of pSOL1 presence in C. acetobutylicum colonies 

To confirm the presence of the pSOL1 plasmid in C. acetobutylicum ATCC 824 single 

mutant or wild type colonies were streaked out on plates containing starch (RCM-agar) 

and incubated for at least 24 h at 37°C. If the pSOL1 was still present in cells; the starch 

would be degraded by the alpha-amylase, a large extracellular protein encoded by amyP 

gene, located on the megaplasmid. The reaction with Lugol’s iodine would therefore 

result in a large halo appearing around colonies (Fig. 2.1). Each mutant strain was tested 

for the presence of the megaplasmid before preparing the spore stock solution and after 

each experiment, to exclude the degradation of strain, resulting in the loss of sporulation 

and solvent production ability (Sabathé et al., 2002). 

 

 

Figure 2.1. Reaction between Lugol’s solution and starch present in Reinforced Clostridial Agar 

(RCM-agar). Bright halos around streaked colonies of C. acetobutylicum araK::int mutant 

indicate the degradation of starch and hence the presence of pSOL1; the non-degraded starch 

present in agar was dyed with iodine and became dark-violet in color.  

 

As an alternative a molecular check with PCR using a pSOL check primer pair 

(Tab. 9.5) on the amylase P gene (CAP0098) was performed in DNA samples isolated 

from investigated strains. A reaction would give a product of a size of 1159 bps.  
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Strain determination based on the sequencing of variable regions 

Sequencing results were BLASTed against all clostridial nucleotide sequences in the 

NCBI or JGI databases to determine the species of Clostridium.. For this purpose we 

used a specially designed primer pair, 161V and 630R (Tab. 9.5). The sequencing was 

done using a 630R primer.  

 

2.3.3. Counting cells using a Thoma Chamber 

 

E. coli and clostridia cells were counted using a Thoma Chamber (Celeromics) 

according to the protocol of the manufacturer, always in 3 independent repeatitions. 

 

 

Figure 2.2. Thoma Chamber structure and dimensions for easy calculations. More detailed 

information is given at the Celeromics website (www.celeromics.com). 
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2.4. DNA and RNA manipulation methods 

2.4.1. DNA isolation and preparation 

2.4.1.1. Plasmid isolation from E. coli 

 

All plasmids from E. coli strains were isolated using an AxyPrep Plasmid Miniprep Kit 

(Axygen) according to the protocol of the manufacturer. Instead of eluant, double-

distilled water was used.  

 

2.4.1.2. Chromosomal DNA isolation from Clostridium using a Master Pure DNA 

Purification Kit 

 

Chromosomal DNA of Clostridium strains, for templates for standard checks or cloning 

PCR reactions, was isolated using a Master Pure™ Complete DNA and RNA 

Purification Kit (Epicentre) with minor modifications. 

Around 600 µl of the overnight culture were centrifuged and the pellet was resuspended 

in 150 µl of TE buffer. The 30 µl of lysozyme (20 mg/µl) were added and samples were 

incubated at 37°C for 30 min. Then, 1 µl of proteinase K (5 mg/ml) was added along 

with 180 µl of 2xT&C Lysis Solution (Master Pure™ kit) and the samples were 

incubated at 65°C for 15 min. After the incubation, the samples were cooled down on 

ice and 1 µl of RNase A (10 mg/ml) was added prior to a 30 minute-long incubation at 

37°C. Afterwards 210 µl of MPC Protein Precipitation Reagent (Master Pure™ kit) 

were added and the samples were vortexed for 10 s and centrifuged for 10 min at 10 000 

rpm, 4°C. Supernatant was transferred to a new collection tube and 500 µl of pre-cooled 

isopropanol were added. The samples were kept for 5 min at -20°C and centrifuged 

again as previously. The Supernatant was gently removed and the pellet washed with 

500 µl of pre-cooled 70% (v/v) ethanol. Samples were centrifuged for 2 min, at 10 000 

rpm, 4°C, and the supernatant was again gently removed. The pellet was left in an open 

collection tube at 37°C until dry, and resuspended in ~200 µl of double-distilled water. 

The DNA concentration and purity were checked on an ND1000 Spectrophotometer 

(peQLab, Erlangen) at a wavelength of 260 nm. 
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2.4.1.3. Isolation of ultra pure chromosomal DNA from Clostridium 

 

Ultra pure and high quality DNA was isolated from overnight cultures prepared in 5ml 

CGM hungates with no antibiotic selection. This DNA was mainly used for Southern 

Blots. 

Around 2 ml of well-grown overnight culture were centrifuged at 11 000 rpm for 2 min. 

The pellet was washed once in 1 ml of K-Phosphate buffer (0.1 M, pH 7.5) and 

resuspended in 1 ml of TE buffer. Next, 100 µl of lysozyme (40 mg/ml) were added and 

samples were incubated at 37°C for 1 h. 70 µl of 10% (w/v) SDS were added and mixed 

carefully; subsequently 65 µl of EDTA (0.5 M, pH 8.0) and 5 µl of Tris-HCl (1 M, pH 

7.5) were added. Afterwards, 30 µl of proteinase K (5 mg/ml) were added and the 

samples were incubated at 37°C for 1 h. Next, 180 µl of sodium perchlorate solution (5 

M) were added and mixed carefully. The samples were centrifuged for 10 min at 10 000 

rpm. The upper phase was transferred into a new collection tube, and 500 µl of phenol 

along with 500 µl of chloroform-isoamyl alcohol (24:1 [v/v]) were added and vortexed 

for 10 seconds. The samples were centrifuged as previously and again the upper phase 

was transferred into a new collection tube. 1ml of isopropanol was added and gently 

mixed by inverting the tube for 2-3 min and centrifuged for 10 min at 10 000 rpm. The 

DNA pellet was washed with 500 µl of 70% (v/v) ethanol and centrifuged as previously. 

The pellet was incubated at 37° C for several minutes to remove residues of ethanol and 

solvents, and then resuspended in 100 µl of nuclease-free double distilled water. Next, 

5 µl of RNase A (10 mg/ml) were added and incubated at 37° C for at least 30 min. 

DNA quality and RNA degradation were checked by visualization on the 0.8% (w/v) 

agarose gel. 

2.4.1.4. Gel electrophoresis in agarose gels 

 

DNA fragments were separated in 1% (w/v) agarose gels in a PowerPac 1000 (BioRad) 

electrophoresis machine. Standard gels were running for 35 minutes in 120 V and a 

constant current (A). Being an acid, the DNA migrates to the positive electrode with a 

speed that correlates to its size. Therefore large-sized DNA is always detectable close to 

the wells, while small-sized fragments migrate fast and are usually located close to the 
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rear part of the gel. Afterwards the gels were stained in an ethydium bromide (EtBr) 

bath for 10-15 minutes and visualized in the AlphaImager MINI (Biozym) camera. 

 

Purification of DNA fragments from the agarose gel 

DNA fragments needed for cloning or sequencing were isolated from the gel using the 

Wizard DNA Clean-Up System (Promega) according to the protocol of the 

manufacturer. The DNA concentration and purity was checked on an ND1000 

Spectrophotometer (peQLab, Erlangen) at a wavelength of 260 nm. 

 

2.4.1.5. Measurement of DNA concentration 

 

The concentration of all DNA samples, including DNA treated with restrictases or other 

DNA-modifying enzymes was measured on the NanoDrop ND1000 Spectrophotometer 

(peQLab, Erlangen) at a wavelength of 260 nm. The absorbance of the DNA solution 

was compared to the absorbance of its eluant (blank sample). The NanoDrop also gives 

information on the purity of DNA solution by measuring the absorption at a wavelength 

of 280 nm and calculating the 260/280 ratio. The DNA solution is considered purest 

with a 260/280 ratio of 1.80 (Sambrook et al., 1989). 

 

2.4.1.6. Sequencing 

 

Sequencing reactions were prepared only on double-purified DNA samples, being either 

plasmid DNA or gel-extracted PCR products and performed by the Eurofins MWG 

Operon company (Eurofins Scientific). DNA samples were prepared in 1.5 ml 

collection tubes in a volume of at least 15 µl with 3 µl of 5 pmol primer. The 

concentration of DNA samples differed depending on its size and type, according to the 

guidelines given by the Eurofins company, shown below: 
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 Plasmid DNA  PCR product 

 < 300 bps 300 – 1000 bps >1000 bps 

Concentration(ng/µl) 50 - 100 2 5 10 

 

 

2.4.2. In silico DNA manipulations 

 

For all necessary in silico DNA manipulations Clone Manager Professional 9 Software 

(Sci-Ed Software, Cary, NC) was used. The software was designed to help with 

multiple DNA manipulations, such as cloning, restriction analysis, primer design, PCR 

reactions and graphic map drawing. It allows sequence files to be edited, genes or 

specific sequences in those files to be found, genes to be translated and open reading 

frames to be found. The in silico DNA manipulations were performed prior to plasmid 

creation, PCR reactions, and the analysis of the sequencing results and also for primer 

design, or to predict the sizes of detectable DNA bands in the Southern Blot 

experiments. 

 

2.4.3. Polymerase Chain Reaction (PCR) 

2.4.3.1. Standard PCR 

 

Phusion PCR 

Phusion polymerase (New England Biolabs) is a high-fidelity polymerase used for 

ligations and sequencing. The time of extension was set according to the length of PCR 

product, with 15-30s per 1kb, and a final extension lasting 10 minutes. 
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PCR mix: 

5 x Phusion buffer 10 µl 

dNTPs (10mM) 1 µl 

Primer forward 4 µl 

Primer reverse 4 µl 

DNA template 50 – 200 ng 

Phusion polymerase 0.5 µl 

Water, nuclease free to 50 µl 

 

 

Phire PCR 

The Phire polymerase (Thermo Scientific) has no proof-reading ability and therefore 

was used only for check PCRs or colony PCRs. It is much quicker than Phusion 

polymerase and the extension time is 10-15 seconds per 1 kb, with the final extension 

lasting 10 minutes. 

PCRmix: 

5 x Phire buffer  10 µl 

dNTPs (10mM) 1 µl 

Primer forward 4 µl 

Primer reverse 4 µl 

DNA template 50 – 200 ng 

Phire polymerase 0.5 µl 

Water, nuclease free to 50 µl 
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2.4.3.2. SOE-PCR 

 

SOE-PCR (Splicing by Overlap Extension) was used only to construct a re-targeted 

region for ClosTron mutagenesis. For that purpose 4 different primers (Tab. 9.3) in 

different concentrations were used in one reaction: 

 

Primer name concentration 

IBS 100 µM 

EBS1d 100 µM 

EBS2 20 µM 

EBS Universal 20 µM 

 

For a 25 µl reaction 2 µl of each primer should be used along with 1 µl of the template 

(pMTL007 plasmid) and an appropriate reading-roof polymerase (Phusion). The cycling 

conditions are given below: 

 

Lid 110°C  

 94°C 2 min 

 94°C 15 sec 

35 cycles 55°C 0.5 min  

 72°C 0.5 min  

 72°C 10 min  
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2.4.3.3. Colony PCR 

 

The colony PCR was performed when a quick check of many clones was needed. A 

small amount of the bacterial colony was picked using a sterile 10 µl tip or sterile 

toothpick and resuspended in 5µl of double-distilled water in a PCR collection tube. 

Next, the water-colony mix was heated up to 100°C for 5 minutes and 20 µl of properly 

prepared PCR master mix was added. For colony PCRs either Phire or Dream Taq 

Green Master Mix were used. For Phire polymerase the PCR mix was prepared as 

described previously, and the preparation of the Dream Taq Green Master Mix PCR is 

described below. 

 

Dream Taq Green PCR 

Dream Taq Green PCR Master Mix (Thermo Scientific) is a twice-concentrated master 

mix containing the Dream Taq DNA polymerase, the PCR buffer being mixed with a 

green dye, MgCl2 and dNTPs. The dye allows direct loading of the PCR mixture on the 

gel and does not interfere with the PCR reaction. The polymerase requires 1 minute per 

1 kb for extension and the final extension lasts 10 minutes. 

 

 

PCR mix: 

Dream Taq Green PCR Master Mix (2x) 25 µl 

Primer forward 4 µl 

Primer reverse 4 µl 

Template DNA 50 – 200 ng 

Water, nuclease free to 50 µl 
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2.4.3.4. RT-PCR 

 

The RT-PCR (reverse transcription PCR) was performed either as part of the reverse 

transcription and the cDNA labeling step of the DNA microarray experiment or as part 

of the promoter mapping with the RLM-RACE method. More details are given in 

sections devoted to DNA microarray and RLM-RACE experiments. The RT-PCR was 

also used as a molecular check of the RNA quality prior to the reverse transcription step 

for the microarray DNA procedure. 

 

 

RT-PCR mix (OneStep RT-PCR Kit, Qiagen): 

5 x buffer* 5 µl 

dNTPs* 1 µl 

Enzyme-mix* 1 µl 

RNA template 0.6 µg 

Primer forward 3 µl 

Primer reverse  3 µl 

Water, nuclease-free to 25 µl 

 

 

 

*OneStep RT-PCR Kit (Qiagen). 
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Cycler program 

Lid 110°C  

 50°C 30 min 

 95°C 15 min 

 96°C 2 min 

 96°C 0.5 min 

30 cycles 55°C 0.5 min  

 72°C 3.5 min  

 72°C 10 min  

 

2.4.3.5. Probe-generating PCR for Southern Blot 

 

To generate a Southern Blot probe a standard Phusion PCR reaction was used and the 

product was biotin-labeled with the Biotin Chromogenic Detection Kit (Thermo 

Scientific). In this work the Southern Blot technique was used only to confirm the single 

ermB integration event and the probe was generated using the RAM primers (Tab. 9.5), 

was 900 bps in size. 

 

2.4.4. Southern Blot 

 

The DNA for the Southern Blot was isolated using phenol-chloroform extraction, and 

its quality was checked on 1% (w/v) agarose gel. Only DNA of high quality with no 

signs of degradation was used for the Southern blot experiments. To obtain bands of 

detectable sizes, different restriction enzymes (frequent cutters) were used for digestion 

of the DNA prior to blotting procedures, and a list of the enzymes used for different 

mutants is given in the Results section.  
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Digestion reactions were set for overnight and the amount of DNA used for blotting was 

always between 30-40 µg. As a marker the Biotinylated 2-Log DNA Ladder (0.1-10 

kb), New England Biolabs, was used, unless otherwise stated. The digested genomic 

DNA amount used for the blotting experiment varied between 30 and 40 µg, and the 

quality and efficiency of digestion was checked on 0.8 % (w/v) agarose gel prior to the 

blotting procedures. 

 

2.4.4.1. Preparation of Southern Blot probes 

 

Labeling of the probe 

DNA template (100 ng – 1 µg)   10 µl 

Decanucleotide in 5x reaction buffer  10 µl 

ddH2O water      24 µl 

 

The reaction mixture was vortexed and spun down for 5 sec. The tube was then 

incubated in boiling water for 5 min and cooled down on ice. 

Next, 5 µl of biotin labeling mix and 1 µl of Klenow fragment were added to the 

reaction mixture, shaken well and spun down. Samples were incubated from 1h to 

overnight at 37°C, and the reaction was stopped by the addition of 1 µl of 0.5 M EDTA. 

A labeled probe was stored at -20°C, and was reused multiple times. Prior to each use 

an incubation of the probe in boiling water for 10 min was required.  

 

2.4.4.2. Gel and blotting procedure 

 

Gel and vacuum 

Digested DNA samples were separated on 0.8% (w/v) agarose gel at low speed (80V) 

for several hours. A nylon membrane (Nylon Membranes, positively charged, Roche) 
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was cut to a size approximately 1 cm larger on each side than a plastic mask and placed 

on a blotting plate under the plastic mask (model 785 Vacuum Blotter, BioRad). Fully 

developed gel was placed on the top of the mask, and the vacuum pressure (CVC 2000, 

Vacuumbrand) was adjusted to 5 Hg. 

 

Blotting procedure 

Depurination of the gel was done with depurination solution for 10 min, until the 

bromophenol – blue (used as a component of a loading dye) turned yellow. The gel was 

then washed twice with double-distilled water for 1 min. The Gel was denatured for two 

15-min-long periods with denaturation solution, until the yellow color of the dye 

component turned blue again and washed twice with double-distilled water for 1 min. 

The Neutralization step was done with a neutralization buffer for 15 min, also twice, 

and then the gel was washed briefly with water before proceeding to the transfer step.  

The DNA was transferred from the gel onto the nylon membrane in the 20 x SSC buffer 

for 2 h and fixed on it by exposing the membrane to UV light for 1 min. 

 

2.4.4.3. Hybridization and detection procedure 

 

Prehybridization=hybridization solution 

5x SSC        12.5ml 

1% (w/v) blocking stock solution     5.0ml 

0.1% (w/v) N-laurylsarcosine     0.5ml 

0.02% (w/v) SDS       0.2ml 

The SDS solution was pre-warmed to RT to avoid precipitation prior to the 

hybridization step. The hybridization solution can be kept for a longer time at -20°C and 

should be dissolved at 60°C. 
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Pre-hybridization was done with the hybridization=prehybridization solution (without a 

probe) in the oven at 42°C for 2-4 h. A biotin – labeled probe was denatured at 100°C 

for 5 min, cooled on ice and mixed with the hybridization solution (the final 

concentration of the probe = ~25-100 ng/ml). The probe was hybridized overnight at 

42°C. After the incubation step the hybridization buffer with the probe was poured off 

into a fresh collection tube and was stored at -20°C. The membrane was washed twice 

with buffer 1 at RT for 10 min and also twice with buffer 2 for 20 min at 65°C. The 

washing buffers were poured off and the membrane was dried before proceeding to the 

detection of biotin-labeled probe step. 

 

Detection of biotin-labeled probe 

The membrane was washed in 30 ml of blocking/washing buffer for 5 min and blocked 

with a blocking solution for 30 min. Next, it was incubated in 20 ml of Strep-AP 

solution for 30 min and washed twice for 15 min in 60 ml of blocking/washing buffer. 

The membrane was incubated for 10 min in 20 ml of detection buffer prior to the 

detection reaction and carried in 10 ml of freshly prepared substrate solution in 

complete darkness for 15 min to overnight. The reaction was stopped by washing the 

membrane in distilled water and the membrane was dried in the air. 

 

Reagents used for Southern Blot: 

Depurination solution     autoclaved 

0.25 M HCl 

 

Denaturation solution     autoclaved 

1.5 M NaCl 

0.5 M NaOH 
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Neutralization buffer     autoclaved 

0.5 M Tris-HCl 

3 M NaCl 

pH 7.5 set with HCl 

 

Transfer solution (20 x SSC)    autoclaved 

3 M NaCl 

0.3 M Na3citrate 

pH 7.0 set with HCl 

 

0.5 M EDTA 

 pH 8.0 

 

Buffer 1       autoclaved 

2x SSC 

0.1% (w/v) SDS 

 

Buffer 2      autoclaved 

0.1x SSC 

0.1% (w/v) SDS 

 

10 % (w/v) N-Laurylsarcosine solution  autoclaved 
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200 ml Blocking/Washing solution 

10x buffer       20ml 

MQ water      180 ml 

50 ml Blocking solution 

Blocking/Washing Solution     50 ml 

Blocking powder      0.5 g 

Stir at 60°C to dissolve. 

 

20 ml Streptavidin  

Blocking solution      20 ml 

Streptavidin-Conjugate     4 µl 

Prepare freshly before use. 

 

30 ml detection buffer 

10 x buffer       3 ml 

ddH2O        27 ml 

 

10 ml substrate solution 

50x BCIP/NBT      0.2 ml 

Detection buffer      9.8 ml 

Prepare freshly before use. 
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2.4.5. Cloning methods 

2.4.5.1. DNA modification with restriction enzymes and dephosphorylases 

 

For all restriction analysis during this study Fast Digest enzymes (Thermo Scientific) 

were used. For all modifications of DNA the enzymes from either Thermo Scientific 

(conventional and/or Fast Digest) or from New England Biolabs were used. In all cases 

the digestion or double-digestion reactions were performed according to the instructions 

of the manufacturer. 

For dephosphorylation of plasmid ends prior to the ligation step the FastAP enzyme 

(Thermo Scientific) was added to the digestion mix or cleaned plasmid solution and 

incubated for 45 min at 37°C.  

Before proceeding to the ligation or sequencing steps the DNA was cleaned using 

Wizard® SV Gel and PCR Clean-Up System (Promega). 

 

2.2.5.2. Ligation 

 

Ligations were performed in two variants, small and large, depending on the amount of 

DNA used. Ligation mixtures were left for 2 hours at 22°C or overnight at 16°C, and 

deactivated at 75°C for 5 minutes prior to transformation. 

 

 

 Vector DNA Insert DNA Total DNA 

Small variant 40 ng 120 ng 160 ng 

Large variant 80 ng 300 ng 380 ng 
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2.5. Genetic manipulations of clostridia 

2.5.1. DNA transfer 

2.5.1.1. Chemocompetent E. coli cells and transformation method 

 

Chemocompetent E. coli cells 

For the preparation of chemocompetent cells 10 ml of LB medium were inoculated with 

100 µl of overnight culture and left shaking at 37°C until the OD600 reached a value of 

between 0.5-0.6. Next, the cells were centrifuged at 6 000 rpm at 0°C for 5 min and 

washed in 5 ml of 100 mM CaCl2 solution (pre-cooled to 0°C). The cell pellet was 

resuspended in 1 ml of 100 mM CaCl2 solution and 200 µl of sterile 87% (v/v) glycerin 

were added. The solution of chemocompetent cells was divided into 100 µl aliquots and 

frozen before use. The prepared aliquots were stored at -80°C. 

 

Chemocompetent E. coli cells buffer 

CaCl2 x 2 H2O 

ddH2O 

1.47 g 

to 100 ml 

 

Sterile-filtered, kept at 4°C. 

 

 

Transformation of chemocompetent E. coli  

The frozen E. coli cells, which had been divided into aliquots, were placed on ice for 10 

min. Next, 50-100 ng of purified plasmid or the total volume of ligation mixture was 

added and the cells were incubated on ice for 25 min. Heat shock was performed at 

42°C for 60 sec, and then the mixture was cooled down on ice for 2 min. Next, 400 µl 
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of LB medium was added and gently mixed. The cells were incubated at 37°C for 1 h 

and plated on selective plates. 

2.5.1.2. Electrocompetent Clostridium acetobutylicum cells and standard 

transformation method 

 

Electrocompetent Clostridium acetobutylicum cells 

Prior to the procedure a new culture from a spore stock solution was started by heat 

shock treatment as described in section 2.3.2.1. 

A heavy loop of cells was inoculated into 5 ml of CGM cultures and a series of dilutions 

was left overnight. The next day 50 ml of CGM were inoculated with total growth from 

a pre-culture still showing active growth. The cells were collected when the OD600 

reached 0.6-0.8 and centrifuged down at 4°C for 10 min, 5 000 rpm. The cell suspension 

was kept on ice between the centrifugation steps and all buffers were pre-cooled to 0°C 

before use. The cell pellet was washed with 20 ml of ETM buffer and centrifuged as 

previously. Next, the cell pellet was washed in 10 ml of ET buffer and resuspended in 3 

ml of ET buffer. The cell suspension was divided into aliquots of 600 µl, and each 

aliquot was mixed with 8-12 ng of purified DNA, transferred to cold 4 mm 

electroporation cuvettes and left on ice for 1 min; prior to this step, the cuvettes had 

been kept at -20°C for 2 h. The electroporation machine (a GenePulser II with Pulse 

Controller Plus and Capacitance Extender Plus, BioRad) was set at 50 µF, 600 Ω, 1.8 

kV, and the electroporation time was considered acceptable when between 10-30 ms. 

Afterwards the electroporation cells were transferred immediately to 3 ml of CGM and 

incubated on a shaker for 4 h. Then the cells were collected by centrifugation for 5 min, 

5 000 rpm at room temperature, and the total growth was plated on selective plates and 

incubated for 2 – 4 days. 

The plasmid DNA was cleaned of any salt residues on MF - Membrane Filters 

(Milipore) prior to electroporation for at least 45min. 
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Electroporation buffers: 

ETM Buffer 

Saccharose 

Na2HPO4 x H2O 

NaH2PO4 x H2O 

MgCl2 x 6 H2O 

ddH2O 

27.7 g 

 0.032 g 

 0.18 g 

12.8 g 

to 300 ml 

 

ET Buffer 

Saccharose 

Na2HPO4 x H2O 

NaH2PO4 x H2O 

ddH2O 

27.7 g 

 0.032 g 

 0.18 g 

to 300 ml 

 

Buffers were sterile-filtered and kept at 4°C in anaerobic conditions, preferably in 

anaerobic flasks for no longer than 3 months. 

 

2.5.1.3. Modified electroporation protocol for Clostridium acetobutylicum  

 

A fresh batch of C. acetobutylicum cells was prepared as described above, from the 

spore stock solution. 

A heavy loop of cells was inoculated into 10 ml of CGM cultures and a series of 

dilutions was left overnight. Next, 50 ml of CGM medium was inoculated with the 

precultures still showing active growth to a starting optical density of 0.02 and cultured 

until the OD600 reached 0.20-0.35. The cells were harvested quickly by centrifuging at 
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8 000 rpm for 15 min at room temperature. Next, the cells were washed in 20 ml of 

ETM buffer and centrifuged (8 000 rpm, 15 min, RT). The pellet was resuspended in 3 

ml of ET buffer. Aliquots of 0.6 ml were mixed with salt-free DNA in standard cuvettes 

(4 mm gap) and left on ice for 10-15 min. The electroporation machine settings were the 

same as in the standard protocol.  

The cell mixture was transferred directly after electroporation to 4 ml of CGM broth, 

pre-warmed to 37°C and left for at least 3 hours at 37°C, and shaken at 180 rpm.  

 

2.5.1.4. DNA transfer to Clostridium saccharobutylicum and Clostridium beijerinckii 

via the triparental conjugation 

 

Clostridium saccharobutylicum 

Cells of the recipient and the donors were harvested at the beginning of the exponential 

growth phase, when the OD600 values were between 0.6 and 0.8. Next, 1 ml of E. coli 

CA434 and the E. coli – pJL1 or E. coli – pJL2 strain, transformed with the plasmid 

which was supposed to be conjugated into C. saccharobutylicum cells, were washed 

once in PBS and transferred immediately to an anaerobic cabinet. Pellets were dissolved 

in 200 µl of recipient culture, plated as 25 µl drops on 2 xYTG plates without any 

antibiotic selection and left overnight. The whole growth was harvested from the plate 

and resuspended in 1ml of anaerobic PBS and plated on 2 xYTG plates supplemented 

with thiamphenicol (Tm) and a counter-selection against E. coli donors – colistin. The 

first colonies can be seen after approximately 12 hours of incubation at 37°C. 

Clostridium beijerinckii was conjugated using the same protocol, with the alternative 

use of D-cycloserine or polymyxin-B instead of colistin, and selective plates were 

supplemented with spectinomycin (Sp) instead of thiamphenicol, due to 

C. beijerinckii’s natural resistance to Tm. Clostridium beijerinckii does not require 

methylation of the exogenous DNA, therefore the CA434 strain was used as a donor 

along with E. coli Top10 bearing the plasmid of interest. 
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2.5.2. ClosTron mutant creation 

 

The ClosTron is a mutagenesis system based on the group II intron of Lactobacillus 

lactis (Ll.ltrB group II intron) containing an ermB cassette activated by 

retrotransposition (Heap et al., 2009; Heap et al., 2007). Modular ClosTron plasmids, 

pMTL007, bear additionally an antibiotic-resistance gene, either for 

chloramphenicol/thiamphenicol (pMTL007C-E2), or spectinomycin (pMTL007S-E2) 

for E. coli and Clostridium selections of the mutants (Fig. 2.3 A). The group II introns 

are active in a broad host range, and they insert into a specific, recognized site by base-

pairing between the target DNA site and the intron RNA sequence (Fig. 2.3 B). This 

process has a high accuracy, and therefore provides a trustworthy method for mutant 

creation. Using a simple algorithm (Perutka et al., 2004) one can design primers that 

can create a specific re-targeted region for precise ClosTron mutation. The algorithm is 

provided free-of-charge at www.ClosTron.com. Using 3 specific primers (the IBS, 

EBS1d, EBS2 and the universal EBS primer) a re-targeted region can be created with 

the SOE-PCR method. The correct re-targeted introns can be confirmed with pMTL2 

check fwd and rev primers (Tab. 9.3) and cloned into the ClosTron vector, the 

pMTL007C-E2 or pMTL007S-E2 plasmid, using endonuclease HindIII and BsrGI. 

 

 

Figure 2.3. (A) ClosTron vector pMTL007C-E2 with chloramphenicol/thiamphenicol resistance 

gene. All modules of the plasmids: the intron module, the Gram-positive (repH) and Gram-

negative (colEI) replicons, the antibiotic resistance gene and the additional traJ module are 

indicated in the figure. (B) The group II intron with an internal ErmB-RAM cassette containing 

the group I intron, which jumps out of the cassette after intron insertion into the targeted DNA 

region (from Cartman et al., 2010). 



Materials and Methods 

- 63 - 

For the molecular mutant check two PCR reactions were performed on DNA samples 

isolated from overnight single-colony cultures. The RAM fwd and rev primers 

(Tab. 9.5) amplify part of the intron cassette and give a product of 900 bps if the 

integration event took place or of 1.2 kb for the intron located on the plasmid. A larger 

band is produced in a PCR reaction also when the plasmid is still present in clostridial 

cells; therefore prior to this PCR check a complete loss of plasmid is required. The 

reaction on gene-specific primers produces a 2.1 kb larger product (the size of intron 

and ermB cassette) compared to the wild type if the integration event occurred. 

 

Clostridium acetobutylicum ATCC 825 

Clostridium acetobutylicum cells were transformed and plated on thiamphenicol 

selective plates. Single colonies were restreaked once onto a second plate containing 

Tm and freshly grown colonies were restreaked onto selective plates with erythromycin 

or clarithromycin. Erythromycin/clarithromycin-resistant colonies were again restreaked 

onto fresh selective plates and single colonies were picked for mutant screening. 

Pure mutant colonies were restreaked several times on thiamphenicol-free plates before 

proceeding to the mutant analysis and checked for plasmid loss (PCR or plating on 

thiamphenicol test). 

 

Clostridium beijerinckii NCIMB 8025 

The procedure for ClosTron mutant creation in C. beijerinckii is generally the same as 

for C. acetobutylicum, with two minor changes. C. beijerinckii is naturally resistant to 

thiamphenicol, therefore another antibiotic – spectinomycin was used to select cells 

bearing plasmid – pMTL007S-E2 (Heap et al., 2010). The plasmid was transferred into 

C. beijerinckii cells according to the principles of triparental conjugation (2.5.1.4). All 

other procedures were done as described previously for C. acetobutylicum. 
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Clostridium saccharobutylicum NCP 262 

This study is the very first work to describe mutant creation and gene transfer into the 

C. saccharobutylicum NCP 262 strain. The ClosTron mutant creation protocol had to be 

adjusted for this particular strain. The re-targeted regions for C. saccharobutylicum 

were synthesized by DNA 2.0 (Menlo Park, CA). After conjugation of the 

C. saccharobutylicum wild type strain with an E. coli donor bearing plasmid of interest 

(2.5.1.4 section), thiamphenicol-resistant colonies were selected as described in the 

protocol for C. acetobutylicum. ClosTron mutants were selected on lincomycin, an 

erythromycin analogue from the lincosamides group, as described in the 

C. acetobutylicum section, and the ermB gene provided resistance also against this 

particular antibiotic, and checked for the correct integration.  

 

2.5.3. ErmB marker removal 

 

The ClosTron technique is simple and effective; however it leaves an antibiotic 

resistance marker in the genome of the bacterium and precludes the creation of another 

gene disruption in the mutant strain. This is an important limiting factor; therefore a 

specific flippase-system was created to remove the ermB cassette. The flp recognition 

sites (FRT) are located on either side of the ErmB – RAM cassette, which would be 

removed from the host DNA when the functional flippase gene is present (Fig. 2.4). 

This leads to the sensitivity of the mutant to erythromycin, and the procedure can be 

repeated many times, giving a possibility to create multiple ClosTron mutants (Kuehne 

& Minton, 2012; Heap et al., 2010; Cartman et al., 2010; Heap et al., 2007).  
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Figure 2.4. Representation of the ermB marker removal with Flp recombinase-mediated step. 

On the left: the modular plasmid bearing functional FLP recombinase gene is introduced into 

ClosTron mutant host cells, resulting in the excision of the ermB cassette, located between two 

flp recognition sites, here indicated with stars (*). On the right: genomic DNA of the ClosTron 

mutant with the ermB cassette removed; FRT, flp recognition site (from Cartman et al., 2010). 

 

To remove the ermB marker a special plasmid containing the flp-recombinase gene 

(pCLF1-1) was transferred into the C. saccharobutylicum mutant strain and cells were 

plated onto selective plates with thiamphenicol and incubated anaerobically at 30°C for 

2 – 3 days, until the colonies were large enough to inoculate the liquid medium cultures. 

Next, 10 hungates, each with 4ml of CGM broth containing thiamphenicol, were 

inoculated with single colonies from the plate and incubated overnight at 30°C. Several 

dilutions of the broth – 10
-2

, 10
-3

, 10
-4

 and 10
-6

 were plated on thiamphenicol-containing 

plates and left for 3 days at 30°C. Exactly 50 colonies were replica-plated on Tm and 

Erm plates. Colonies appearing only on Tm plates, but not on Erm plates were PCR-

checked for intron ermB cassette loss, using the RAM primers and primers binding to 

either side of the targeted regions. 

This procedure was applied only to C. saccharobutylicum mutant strains. 

2.5.4. Gene knock-out through allelic exchange 

 

The allelic exchange is a method of markerless gene knock-out, and for 

Clostridium acetobutylicum an orotate phosphoribosyl transferase (pyrE)-deficient 

strain has been created (Ng et al., 2013; Heap et al., 2012). Markerless gene knock-out 

allows the deletion of genes or their fragments without affecting up- or downstream 

genes or regulatory elements, which is important for the investigation of single genes 

located at the beginning or in the middle of the operons. The pyrE gene encodes an 
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enzyme which catalyzes the transformation of fluoroorotic acid (FOA) into a highly 

toxic compound, so only pyrE negative cells are FOA resistant, but at the same time 

they require uracil supplementation. The pMTL-ME3 plasmid (Tab. 2.2) containing an 

altered version or only the START and STOP codons of a gene to be deleted (the gene 

of interest, GOI) with two 0.5 – 1.0 kb-long homologous sequences on either side of the 

GOI, is equipped with a functional copy of pyrE gene, providing an easy selection for 

first recombinants. 

To obtain a clean deletion plasmid, a clean deletion cassette needed to be created. To 

this end two homology arms, left (LHA) and right (RHA) were designed and amplified 

using LHA fwd with LHA rev and RHA fwd with RHA rev primer pairs (Fig. 2.5 A). 

Next, equal concentrations of cleaned PCR products were used as a DNA template to 

create the clean deletion cassette with LHA fwd and RHA rev primers. Since LHA rev 

and RHA fwd overlap, amplified products of LHA and RHA will have homologous 

regions and eventually would give one product during the final PCR reaction 

(Fig. 2.5 B). The clean deletion cassette was then digested with appropriate restrictases 

and cloned into the pMTL-ME3 modular plasmid backbone (Tab. 2.2). Correct clones 

were checked by sequencing prior to the electroporation of Clostridium. 

After the introduction of the pMTL-ME3 with an appropriate deletion cassette into a 

C. acetobutylicum ΔpyrE strain the transformants were selected on 

thiamphenicol-supplemented plates. Although in pyrE-deficient strains the synthesis of 

uracil is interrupted, because of the non-functional orotate phosphoribosyl transferase 

and supplementation of the media with uracil is required (Heap et al., 2012), it is not 

necessary as long as a functional copy of the pyrE gene on the pMTL-ME3 plasmid is 

present in the clostridial cells. The fastest growing colonies were picked up and 

PCR-checked for the first recombination event, using appropriate primer pairs 

(Tab. 9.4). Confirmed first recombinants were plated on a non-selective medium and 

incubated for 4 days. Next, the total growth was harvested, dissolved in anaerobic PBS 

and plated on a minimal medium containing 5-FOA in a series of dilutions. Colonies 

were replica-plated onto mediums with and without thiamphenicol, and Tm-sensitive 

clones (the loss of resistance to Tm indicates the loss of plasmid) were identified and 

PCR-checked for the second recombination event. The loss of vector and the resistance 

to FOA is a sign of the second recombination event, leading to either a new mutant 

strain or a primary wild type strain. 
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Figure 2.5. (A) The schematic representation of the clean deletion cassette creation and the 

wild type strain genome; GOI, gene of interest; LHA, left homology arm; RHA, right homology 

arm; R1, restrictase 1; R2, restrictase 2. The arrows indicate primers used to amplify the left 

and the right homology arms, which overlap with the START and STOP codons of the GOI. (B) 

The representation of the created clean deletion cassette and the genome region with the 

deleted gene of interest. Arrows indicate primers used to create LHA and RHA. Here, it is 

shown clearly how LHA rev and RHA fwd overlap for the purpose of the clean deletion cassette 

creation. 

 

2.6. RNA isolation and manipulation 

2.6.1. RNA isolation from Clostridium strains 

 

The material for RNA isolation was collected from continuous cultures, and all 

solutions were autoclaved twice for the total removal of RNases. 

 

RNA preparation with micro dismembrator (Sartorius Mikro-Dismembrator U 

Laboratory Ball Mill) 

A frozen cell pellet was resuspended in 1 ml of TE buffer and centrifuged for 1 min at 

13 000 rpm, 4°C. The pellet was resuspended in 300 µl of TE buffer and stored on ice. 
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The shaking flask along with a grinding ball was placed in liquid nitrogen and left until 

cold. The complete cell suspension was pipetted into a cooled flask filled with nitrogen 

and ground at 1600 rpm for 3 min. The powder was then resuspended in an RLT buffer 

and transferred into a sterile falcon. 

 

RNA purification with RNeasy midi kit (Qiagen) 

Bacterial lysate in an RTL buffer was centrifuged for 5 min at 9 000 rpm, at room 

temperature and the supernatant was transferred into a new sterile falcon. Next, 2.8 ml 

of frozen (-20°C) 100% ethanol were added, mixed well and left on ice for 5 min. 

Supernatant mixture was applied onto an RNeasy midi column placed in a 15 ml 

collection tube and centrifuged for 10 min at 9 000 rpm, RT. The maximal loading 

capacity of the column is 4 ml, therefore the procedure was repeated if needed. The 

flow-through was discarded; the membrane was washed with 4 ml of RW1 buffer and 

centrifuged for 5 min at the same speed. Next, the membrane was washed twice with 

2.5 ml of RPE buffer and centrifuged for 3 min, at 9 000 rpm, RT. An additional 

centrifugation step for 5 min was done to make sure the membrane was completely dry 

before proceeding to the elution step. Next, 150 µl of nuclease-free water, pre-warmed 

to 50°C, were applied onto the dried membrane and incubated at room temperature for 5 

min. Samples were centrifuged for 5 min at 9 000 rpm, RT. The elution step was 

repeated, and the total eluant (~300µl) was transferred into a sterile 1.5 ml collection 

tube. 

 

DNA degradation 

DNase mix 

Eluate with RNA 300 µl 

5 x DNase buffer  85 µl 

DNase (recombinant,RNase free, Roche)  15 µl 
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The mixture was incubated at 37°C for 3 hours. After this step it is possible to stop the 

protocol and store samples at -80°C or proceed to the next step. 

 

Purification and precipitation of RNA 

To purify the RNA from digested DNA particles 1 volume of acidic phenol was added 

to the sample, vortexed for 10 seconds and centrifuged for 3 min, 13 000 rpm at 4°C. 

The upper phase was removed into a new collection tube. 1 volume of 

chloroform/isoamyl alcohol (24/1) was added, vortexed and centrifuged as above. The 

upper phase was again transferred into a new collection tube, where a 1:10 volume of 

3.3 M sodium acetate (pH 5.0) and 2.5 volume of absolute ethanol (-20°C cold) were 

added and gently mixed. The RNA was precipitated overnight at -70°C. 

 

RNA cleaning 

The precipitated RNA was centrifuged in a centrifuge, pre-cooled to 4°C, for 30 min at 

13 000 rpm and gently washed with 1 ml of 70% (v/v) ethanol (at –20°C). The samples 

were centrifuged for 10 min at 13 000 rpm, at 4°C and the ethanol was carefully 

discarded. The pellet was dried for 1h at 37°C in a tightly closed sterile beaker. The dry 

pellet was resuspended in 30 µl of nuclease-free water and incubated on ice until it was 

fully dissolved (1 – 2 h). 

The cleaned RNA should be stored at -70°C 

 

Buffers: 

Tris-HCl (1 M, pH 8) 

Tris 121.1 g 

ddH2O to 1000 ml 
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EDTA (0.5 M, pH 8) 

Na2EDTA x 2 H2O 46.5 g 

ddH2O to 250 ml 

TE buffer (pH 8) 

Tris-HCl (1 M, pH 8) 10 ml 

EDTA (0.5 M, pH 8)  2 ml 

ddH2O to 1000 ml 

 

5 x DNase Buffer 

MgSO4 25 mM 

NaAc to 500 mM 

 

NaAc (3.3 M, pH 5) 

NaAc 408.1 g 

ddH2O to 1000 ml 

The pH should be adjusted with acetic acid. 

 

RNA quantification and visualization on agarose gel 

The quality of RNA was checked by visualization on gel (1% (w/v) agarose gel) and by 

using the RT-PCR technique. To this end, 1:10 dilutions of RNA samples were prepared 

and 1-2 µl were loaded on the agarose gel. For the RT-PCR 1 µl of the diluted RNA 

sample was used, and the reaction was performed as described previously (2.4.3.4 

section).The concentration of the RNA in the samples was measured on the NanoDrop 

ND1000 Spectrophotometer (peQLab, Erlangen). 
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2.6.2. RLM-RACE  

 

The 5’ RLM-RACE (First Choice RLM-RACE Kit, Invitrogen™) method was used for 

promoter mapping. Since one of the last steps, the random primer RT-PCR, often 

resulted in unspecific bands during the first nested PCR (the outer PCR) it was changed 

for a direct RT-PCR (OneStep RT-PCR kit, Qiagen) on the outer 5’RLM-RACE PCR 

primers for the trouble-generating probes. Apart from that modification all procedures 

were done according to the manufacturer’s specifications. All the primers used for 

RLM-RACE are listed in the table 9.7. 

 

2.7. DNA Microarray 

2.7.1. Reverse transcription and labeling of cDNA 

 

 

RNA labeling 

Primer hybridization mix: 

RNA template 25 µg 

Hexamer primer (5 µg/µl) 4 µl 

Water, nuclease-free 10 µl 

Labeling reactions were prepared twice for each dye, 2 x Dy3 and 2 x Dy5 (GE 

Healthcare Life Sciences). 

Samples were mixed carefully and annealed with primers at 70°C for 10 min. 

 

Reverse transcription 

For the reverse transcription procedure the labeled samples were placed on ice to stop 

the reaction and the rest of the reaction mix was added as follows: 
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5 x first strand buffer* 4 µl 

0.1 M DDT * 2 µl 

dCTP nucleotide mix (4 mmol dCTP, 10 mmol dATP, dTTP and 

dGTP) 

2 µl 

dCTP Cy-Dye-labeled nucleotide** (Cy3 or Cy5) 1 µl 

SuperScript reverse transcriptase* (200 U/µl) 1 µl 

 

* SuperScript III Reverse Transcriptase, Invitrogen 

**Cy3-dCTP and Cy5-dCTP, GE Healthcare Life Sciences 

 

Samples were mixed carefully and incubated at 42°C for 3 hours. For purification the 

samples were placed on ice. The labeled samples were protected from light at all times. 

2.7.2. Purification of labeled cDNA 

 

Prior to the purification of the labeled cDNA step, all RNA residues were removed by 

adding 2 µl of 2.5 M NaOH to each labeled sample, and mixed carefully. Samples were 

incubated at 37°C for 15 min. Next, the reaction was neutralized by adding 10 µl of 2 M 

acid-free HEPES and vortexing. Before proceeding to the QIAquick PCR Purification 

Kit (Qiagen), the samples were spun down briefly. The cleaned cDNA was eluted with 

35 µl of nuclease-free water. 

For the microarray experiment the cleaned Cy3- and Cy5-dye labeled samples were 

mixed together and incubated for 5 min at 100°C. After 4 min the TF (Tom Freeman) 

buffer was added up to 150 µl and vortexed briefly. Prior to loading to the hybridization 

station the samples were placed on ice. 
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Tom-Freeman Hybridization buffer (Fitzpatrick, Johnston et al. 2005) 

Formamid (deionized)   20 ml 

50x Denhart’s solution   5.0 ml 

20x SSC     12.5 ml 

100 mM Na-Pyrophosphate   0.5 ml 

1 M Tris (pH 7.4)    2.5 ml 

10 % (w/v) SDS     0.5 ml 

HLPC-H2O     to 9.0 ml 

2.7.3. Quantification of marked cDNA 

 

The quantification of labeled cDNA could be done either by a NanoDrop check or by a 

wavelength scan. 

For Cy3 quantification a 500 – 580 nm scan was used with the maximal extinction 

being 150 000 mol
-1

cm
-1

 (at 550 nm). 

For Cy5 quantification a 600 – 700 nm scan was used with the maximal extinction 

being 250 000 mol
-1

cm
-1

 (at 650 nm). 

The absorbance was determined at 550 nm and 650 nm and the content of incorporated 

fluorescent dye was calculated using the following formula: 

Cy3 or Cy5 in a sample (in pmols)  =  (A x Z x F x 10
12

) / E 

A = Absorption value of Cy3 (550 nm) or Cy5 (650 nm) 

Z =volume of labeled cDNA, (μl) 

F = dilution factor 

E = extinction coefficient (Cy3 = 150000 x 1 mol
-1

cm
-1

) or 

(Cy5 = 250000 x 1 mol
-1

cm
-1

) 



Materials and Methods 

- 74 - 

2.7.4. Hybridization of labeled cDNA  

 

For the hybridization of the labeled cDNA (target) to nucleic acids (probes) 

immobilized on the surface of a microarray chip, a Tom Freeman hybridization buffer 

was used. 

The solution was sterile-filtered prior to use. 

For the hybridization of the targets 80 pmol of each labeled cDNA were prepared as 

described in section 2.7.2. Samples were injected into the hybridization chamber and the 

hybridization was done automatically according to the C. acetobutylicum ATCC 825-

optimized protocol using an Automated Slide Processor. 

 

2.7.5. Scanning and Analysis of DNA microarray using GenePix Pro 6.0 

 

The scanning of the fluorescent signal of Cy3 and Cy5 dyes was done using a GenePix 

4000B scanner (Axon Instruments, Union City) and hybridization data were generated 

using GenePix Pro 6.0 software. Genes located on the microarray that are not regulated 

under the growth conditions used were used as standards to determine the strength of 

the pre-scan (PMT 635 nm – Cy5, PMT 532 nm – Cy3). Therefore the ratio of their 

fluorescence intensity should be 1:1. Another measurement determining the strength of 

the pre-scan was of the microarray background. The settings for the main scan were as 

follows: 

Pixel size: 10 μm 

Lines to average: 1 

Focus position: 0 μm 

Scan area: ca.1000 x 7000 Pixel 

 

Before the analysis of the scanned microarray chips a special mask with annotated 

Clostridium acetobutylicum ATCC 825 genes was put on the scanned picture. The mask 
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covers the individual spots for the most significant genes of the organism and was 

created using specially developed software (Ehrenreich, unpublished). Each spot on the 

chip has an annotation shown in a text format. The fluorescent values of the 

background, the standard deviation of the background and the two dyes, the ratio of 

medians, the ratio of means and the ratio of regression were calculated automatically by 

GenePix Pro 6.0 software and exported to a text file. The results could also be viewed in 

the form of a scatter plot. During the analysis of the data the ratio of medians should 

stay equal to 1 and the normalization factor should be around 1. 

Data were exported to a text file and saved as an Excel file (Microsoft Office). 

 

2.7.6. Evaluation of the transcriptional data 

 

The normalized data in the Excel file (Microsoft Office, Microsoft) were analyzed using 

specific transcription criteria. Only the spots complying with several filter criteria were 

considered relevant for further analysis in order to reduce technical artifacts. The values 

for the fluorescence of both dyes and the values for the fluorescence of both dyes minus 

the standard deviation of the background were filtered to be equal to or above zero 

value. The ratio of medians, the ratio of means and the regression of the ratio were 

filtered to be equal to or lower than 30%. These operations remove all methodological 

artifacts and leave trustworthy data for analysis. Genes were considered significantly 

regulated if their values, shown as logarithms to the basis of 2, were equal to or higher 

than 1.6 for upregulation, or equal to or lower than -1.6 for downregulation.  

 

2.8. Analysis of bacterial culture products and assay procedures 

2.8.1. Gas chromatography 

 

The quality and quantity of the fermentation products were analyzed using the 

Shimadzu GC – 2010 on a Stabilwax DA column. Nitrogen was used as a carrier gas. 

Samples from growth curves or continuous cultures were centrifuged for 15 min at 
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maximum speed at 15°C prior to the GC samples preparation. To ensure adequate and 

trustworthy measurements two different standards were used during every GC run – and 

the external standard, consisting of the most common acids and solvents in three 

different concentration variants, and the internal standard, the 0.5% (w/v) 1-propanol, 

added directly to the measured samples. Prior to the GC analysis of prepared samples, 

the concentrations of the internal and external standards were analyzed. If both 

standards were in correct concentrations, the GC run results were considered significant 

with no need to make technical replicates. 

GC water 

500 ml of double-distilled sterile water with a pH value adjusted to 2.0 using HCl. 

 

GC sample preparation 

GC water 350 µl 

1 – propanol (0.5% [w/w]) 50 µl 

Supernatant 100 µl 

Total volume 500 µl 

 

Standard preparation 

0.5% Standard mix 

Acid mix (1% [w/w in GC water]) 200 µl 

Solvent mix (1% [w/w in GC water]) 200 µl 

Total volume 400 µl 

 

The 0.05% and 0.005% standard mixes were prepared using 200 µl of 0.5% standard 

mix and 800 µl of GC water. 
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GC standard samples (0.05%, 0.005% and 0.0005%) 

GC water 800 µl 

1 – propanol (0.5% [w/w]) 100 µl 

0.5% - 0.005% standard mix 100 µl 

Total volume 1000 µl 

  

1 – Propanol internal standard 

0.5% (w/w) solution 

 

GC water 

 

9.0 g 

1 – propanol (5% [w/w in GC water]) 1.0 g 

 

Data were analyzed using GC Solution Software (Schimadzu).  

 

 

2.8.2. Assay procedures 

 

The assay procedures were used to measure the concentrations of monosaccharides in 

minimal or rich media in order to determine the effectiveness of the consumption of a 

given carbon source. 

Sugar concentrations were estimated in samples taken at chosen time points on the 

growth curves of batch cultures or continuous cultures. Samples were centrifuged at 4°C 

for 15 minutes at maximum speed and either used immediately or stored at -20°C. 

Dilutions were made in double-distilled water if necessary. 
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Three technical replicates were made for the measurements of glucose, xylose and 

arabinose concentration in all samples taken from hungate or batch culture experiments. 

The absorbance of the solutions was measured three times for each sample; the average 

value was calculated and used as the right absorbance value. The measurements were 

considered significant if the difference between the average and the measured OD 

values was below 0.005, and only then were they used for a graphic representation of an 

experiment. 

 

2.8.2.1. D-Glucose concentration 

 

Determination of D-glucose concentration (D-glucose Assay Kit, GOPOD Format, 

Megazyme). 

The assay procedure (GOPOD format) allows the specific estimation of the amount of 

free D-glucose in any solution with a simple glucose oxidase/peroxidase reaction: 

D-glucose + O2 + H2O      
(glucose oxidase)

       D-gluconate + H2O2 

2 H2O2 + p-hydroxybenzoic acid + 4-aminoantipyrine  
(peroxidase)

  quinoneimine dye + 

4 H2O 

The resulting color stays stable at room temperature for at least two hours according to 

the manufacturer’s guidelines.  

All the procedures were done as stipulated by the manufacturer. 

 

2.8.2.2. D-Xylose concentration 

 

Determination of D-xylose (D-Xylose Assay Kit, Megazyme, Ireland). 

The assay uses a simple way to measure the amount of D-xylose by the measurement of 

NADH formed in a reaction with the sugar and β-xylose dehydrogenase (β-XDH) at pH 

7.2. The amount of NADH is stoichiometric with the amount of β-D-xylose present in 
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the reaction solution. The conversion of α-D-xylose is catalyzed by xylose mutarotase 

(XMR): 

α-D-xylose       
XMR

    β-D-xylose 

β-D-xylose + NAD
+
     

β-XDH
     D-xylonic acid + NADH + H2 

All the procedures were done as stipulated by the manufacturer. 

 

2.8.2.3. L-Arabinose concentration 

 

Determination of L-arabinose (L-Arabinose/D-galactose Assay Kit, Megazyme, Ireland). 

The principle of this assay is very similar to the previous one. The β-galactose 

dehydrogenase (β-GalDH) can recognize only the β-anomeric form of L-arabinose, 

which causes changes in the absorbance of samples containing the α- and β-form. The 

galactose mutarotase (GalM) turns the alpha form of L-arabinose into the beta form 

prior to the dehydrogenase reaction:  

α-L-arabinose       
(GalM)

       β-L-arabinose 

β-L-Arabinose + NAD
+
      

(β-GalDH)
      L-arabionic acid + NADH + H

+ 

The amount of NADH formed in this reaction is stoichiometric with the amount of 

L-arabinose present in the sample.  

All the procedures were done as stipulated by the manufacturer. 

 

2.8.2.4. Analysis of protein concentration  

 

The concentration of proteins in the crude extract was determined using a method 

developed by Bradford (Bradford, 1976). This colorimetric assay is based on the 

absorbance differences of the dye Coomasie Brilliant Blue G-250, which under acidic 

conditions changes from the red, ‘free’ form to blue when bound with assayed proteins. 

The maximum absorbance spectrum of the blue form is set at 595 nm. Any increase in 
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the absorbance at this wavelength is proportional to the amount of protein bound to the 

Coomasie Brilliant Blue dye. As the protein concentration standard, an assay with fixed 

amounts of BSA (Bovine Serum Albumin, Sigma-Aldrich) was done. The Bradford 

assay was performed as described previously (Bradford, 1976). 

Three technical replicates were made for the protein concentration measurements. The 

absorbance of the solutions was measured three times for each sample; the average 

value was calculated and used as the right absorbance value. The measurements were 

considered significant if the difference between the average and the measured OD 

values was below 0.005, and only then were they used for a graphic representation of an 

experiment. 

 

2.9. Standard techniques in protein handling 

2.9.1. Cell disruption 

 

Disruption of the cell membrane was done using ultrasound (Dr. Hielscher, UP 200 s). 

For this experiment 45 ml of Clostridium culture were grown until the OD600 reached 

values between 1.5-2.0. Cells were collected by centrifuging at maximum speed for 10 

min, dissolved in 10 ml of wash buffer and centrifuged again. The pellet was 

resuspended in 2 ml of wash buffer and incubated for 30 min with 30 µl of lysozyme 

(20 mg/ml) at 37°C. The cell suspension was cooled on ice prior to the sonication step. 

 

During the cell membrane disruption the cell suspension was kept on ice at all times to 

prevent the probe boiling and ultrasound was applied until the suspension became clear. 

The disrupted cells were centrifuged down for 2 min at maximum speed in a centrifuge 

pre-cooled to 4°C, and the supernatant was transferred into a new sterile collection tube 

with glycerol (final concentration 50%) and 1:100 BSA solution (10 mg/ml), separated 

into 25 µl aliquots and stored at -20°C for further experiments. 

 

 



Materials and Methods 

- 81 - 

 

Wash buffer 

Monopotassium phosphate 21 mg 

EDTA  44 mg 

NaCl  44 mg 

AEBSF Stock Solution (1 mM) 3 ml 

ddH2O to 15 ml 

Store at 4°C. 

 

 

TNE buffer 

Tris  30 mg 

EDTA  15 mg 

NaCl  15 mg 

ddH2O to 5 ml 

  

  

2.9.2. In vitro DNA methylation with native methyltransferases 

 

Samples were placed on ice until thawed. Next, the plasmid DNA was supposed to be 

methylated and the following substrates were added to each previously prepared 25 µl 

aliquot: 
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TNE buffer 50 µl 

S-adenosylmethionine stock solution (0.8 mM, 

ThermoScientific) 

10 µl 

BSA stock solution (10 mg/ml) 1 µl 

Plasmid DNA (50-100 ng/µl) 10 µl 

 

The reaction mixture was incubated at 37°C for 16 hours, and the DNA was cleaned 

with a phenol/chloroform extraction as described in section 2.4.1.3. 
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3. Results 

3.1. The upp-based clean deletion system 

 

The upp gene (CAC2879) of Clostridium acetobutylicum ATCC 824 codes for 

uracil phosphoribosyltransferase, an enzyme that transforms uracil and 

phosphoribosylpyrophosphate into uridine monophosphate (UMP). The upp gene is 

located between the ABC-type iron (III) transport system, ATPase component 

(CAC2878) and the ribose 5-phosphate isomerase, rpiB (CAC2880; Fig. 3.1.1). 

As long as a cell possesses a functional copy of the upp gene, it remains sensitive to a 

toxic base analog, 5-fluorouracil (5-FU), and cannot grow in its presence. Disrupting the 

gene results in the creation of a strain resistant to 5-FU that would require the constant 

supplementation of uracil. Both these features of an upp-deficient strain were used to 

design a markerless gene deletion/insertion system (Soucaille, Figge & Croux, 2008). A 

very similar system, based on the disruption of the pyrE gene (CAC0027), which 

encodes the orotate phosphoribosyltransferase, was created soon after (Heap et al., 

2012). The ΔpyrE- and the Δupp-based methods are founded on the same principle and 

both strains require uracil supplementation. The only difference between them is the 

selection agent; 5-fluoroorotic acid (5-FOA) for ΔpyrE strains and 5-fluorouracil (5-FU) 

for Δupp strains. Since the upp system created is a patented strain and the pyrE system 

was not fully developed at the beginning of this work, it was important to obtain a new, 

available C. acetobutylicum upp-deficient strain for the purposes of this study. 

The 5-fluorouracil (5-FU) is a toxic uracil analog, which, when converted by uracil 

phosphoribosyltransferase (upp) to 5-fluoro-dUMP, inhibits the function of thymidylate 

synthase and, as a result, DNA replication. This leads to the death of a cell. Disrupting 

or removing the upp gene is the key to using the 5-FU as a selection marker for allelic 

exchange genome modifications. The inhibitory concentrations of the chemical were 

established previously by Krauße (PhD thesis, 2012). To construct the upp-defective 

strain of Clostridium acetobutylicum ATCC 824 several clean deletion plasmids were 

created. In this work an attempt was made to obtain a ClosTron upp mutant, by 

disrupting the uracil phosphoribosyltransferase gene with an ermB-containing intron. 
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Figure 3.1.1. Graphic representation of the C. acetobutylicum ATCC 824 genome region 

containing the upp gene. The STOP codon of the rpiB gene overlaps the START codon of the 

upp gene. The genes are described in detail in the text. 

 

3.1.1. General principles of C. acetobutylicum Δupp strain creation 

 

Several plasmids containing two homolog regions upstream and downstream of 

the upp gene, called the left homology arm (LHA) and the right homology arm (RHA), 

respectively, were created. Each plasmid had different regions of different lengths and 

some of them were overlapping the upp gene. After the transformation of 

C. acetobutylicum wild type with the chosen plasmid the fastest growing colonies were 

isolated and inspected by PCR check for the first integration event, presented 

schematically in figure 3.1.2. Colonies with the antibiotic resistant gene integrated 

along with the plasmid in their genome were expected to grow faster. The first 

integrants would then be plated on minimal medium plates with the addition of 5-FU 

and uracil for the double integration event selection. The second integration and loss of 

the plasmid would be confirmed by the PCR method. All primers used in this study are 

listed in the table 9.1. 
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Figure 3.1.2. (A) Schematic representation of an integration event of an exemplary plasmid into 

the genome region up and downstream of the upp gene. (B) Two possible ways of integration 

exist – in the region of the left homology arm (part of CAC2878 gene) or right homology arm 

(part of CAC2880 gene). (C) During the second recombination event the plasmid is removed 

from the genome, leaving either the disrupted (on the left) or the wild type (on the right) copy of 

the upp gene. 
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3.1.2. Use of the pMADKupp
-
 plasmid to create C. acetobutylicum Δupp strain 

 

The pMADKupp
-
 plasmid creation has been described previously (Krauße,PhD 

thesis, 2012), and during this study the pMADKupp
-
 transformants were screened to 

find the first integrants using the upp down BamHI fwd and check upp fwd primer pair 

and the upp up HindIII rev and check upp rev primer pair (Krauße, PhD thesis, 2012). 

The deleted fragment should be 630 bps in size. The first pair, BamHI fwd and check 

upp fwd would give a product of 2438 bps for the wild type strain or 1808 bps if the 

first integration occurs, and the second pair, upp up HindIII rev and check upp rev 

would give a product of 2320 bps for the wild type and 1690 bps for the first integrant. 

The primers are listed in the table 9.1. Over 100 clones resistant to Crm were examined, 

using both primer pairs, for upstream and downstream integration, however no first 

integrants were found and therefore alternative deletion plasmids were created. 

 

3.1.3. Creation of pJL9-520 

 

The pMADKupp
-
plasmid was designed to delete the whole upp gene, including 

START and STOP codons. However, the downstream gene, ribose-5-phosphate 

isomerase B (rpiB, CAC2880) and upp gene overlap in their START/STOP codon 

sequences (Fig. 3.1.1). To avoid possible problems caused by this particular feature of 

the homologous regions, a new plasmid was created to delete only that part of the upp 

gene which would affect the upp function. The pJL9-520 was designed to have 

homology arms (HA) of around 520 bps. The upp START and STOP codons were part 

of HA, and therefore would also stay preserved in the mutant strain sequence. The pJL9 

plasmid was created using the backbone of the pCH1 plasmid (Tab. 1.2). 

The left (LHA) and right (RHA) homology arms were constructed using the 520 LHA 

fwd with 520 LHA rev primers and 520 RHA rev with 520 RHA fwd pair, respectively. 

Cleaned PCR products of both reactions were used as a template in one fusion reaction 

mix to amplify the 520-deletion cassette of 1009 bps size, with 520 LHA fwd and 520 

RHA rev. Next, the BamHI and HindIII restrictases were used for the cloning of the 

amplified fusion cassette into a pCH1-backbone, giving a pJL9-520 of a size of 5192 

bps (Fig. 3.1.3). All primers used are listed in the table 9.1.  
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Figure 3.1.3. (A) Schematic representation of the right and left homology arms for clean 

deletion of the upp gene (on the left), the pCH1 plasmid used as a backbone (on the right), (B) 

and the map of the created pJL9-520 plasmid. The most important features are described in the 

figure. RepL, origin of replication for clostridia; oriBR322, origin of replication for E. coli. 

 

The pJL9-520 plasmid was introduced into C. acetobutylicum WT and the fastest 

growing colonies (possible 1
st
 integrants) were re-streaked three times on 

clarithromycin selective plates. Next, liquid overnight cultures of the 5 largest colonies 

from the last re-streak were prepared on CGM-Crm agar plates. Isolated DNA samples 

were PCR-checked for the first integration event using the upp check up fwd and rev 

primers for upstream integration and the upp check down fwd and rev primers for 

downstream integration (Tab. 9.1). The wild type fragment for upstream PCR primers is 

1790 bps and for downstream PCR primers – 1636 bps. The mutant-derived band is 623 

bps smaller. Within 5 clones one downstream integrant was found (Fig. 3.1.4). As this 

clone grew extremely poorly on the plate an attempt was made to restore its growth 

from the liquid culture. However, no growth in a fresh liquid culture was observed, and 

therefore the total volume of the original liquid culture used for DNA extraction was 
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spun down and plated onto a CGM selective plate. Only 8 clones appeared on the plate 

and they were all screened for up- and downstream integration, yet no positive results 

were obtained. The reason behind these problems remains unclear; however it was also 

observed in the following experiments. 

 

 

Figure 3.1.4. Check for the up- and downstream integration of pJL9-520 plasmid into 

C. acetobutylicum genome. The DNA from five fastest-growing colonies was isolated for a 

molecular check of upstream (left) and downstream (right) integration event. The PCR reaction 

on the DNA isolated from the colony no. 5 produced a band suggesting there was an integration 

event in the region downstream of the upp gene. L, 1 kb ladder; 1 – 5, five colonies tested; WT, 

wild type DNA.  

 

Therefore another approach needed to be developed and new plasmids were designed in 

the way that has not been used in previous experiment or in the work of Krauße (2012). 

 

3.1.4. Creation of the pJL10 and pJL11 

 

In previous experiments the integration of the upp-deletion plasmids into the 

C. acetobutylicum genome was tested, however, without any positive results. Therefore 
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the homology regions were modified and located partially or completely ‘inside’ the 

upp gene (Fig. 3.1.5 A and B). 

 

 

Figure 3.1.5. Schematic representation of the creation of two deletion cassettes, (A) composed 

of 300 base-pair-long homology arms hidden within the upp gene and (B) overlapping the upp 

gene only with 200 bps. Restriction enzymes used for cloning of the cassettes into a pCH1-

derived backbone (on the right) are shown in the graphic. The Cloning procedures resulted in 

two new clean deletion plasmids: (C) pJL10 and (D) pJL11. RepL, origin of replication for 

clostridia; oriBR322/ori, origin of replication for E. coli. 

 

The left (LHA) and right (RHA) homology arms were constructed using the LHA upp 

in fwd with LHA upp in rev primers and RHA upp in fwd with RHA upp in rev pair, 

respectively. Cleaned PCR products of both reactions were combined in one fusion 

reaction mix and used to amplify the upp inside-deletion cassette of 624 bps in size with 

LHA upp in fwd and RHA upp in rev primers. For cloning purposes the XbaI and PstI 

restriction enzymes were used to digest the insert and the pCH1 plasmid, creating the 

pJL10 plasmid of a size of 4922 bps. The pJL11 was created likewise, using the LHA 
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upp ins-out fwd with LHA upp ins-out rev and RHA upp ins-out fwd with RHA upp 

ins-out rev primer pairs to create the LHA and RHA, respectively. The cassette was 

amplified using the LHA upp ins-out fwd and RHA upp ins-out rev primers, and it was 

cloned into the pCH1 backbone using the XbaI and PstI restrictases. The inside-out 

clean deletion cassette was of a size of 1224 bps, and pJL11 was of a size of 5522 bps. 

All primers are listed in table 9.1. 

When pJL10 and pJL11 were used, 30 bps and 230 bps regions from the centre of the 

upp gene would be deleted, respectively. In most of the experiments, the first integrants 

were detected with the PCR performed using one primer that would bind to the 

homologous region on one side of the upp gene and the primer binding to the genomic 

region on the opposite side of the upp gene. However, with the standard technique for 

PCR product visualization on the agarose gel it would be impossible to observe the 

difference between the wild type and mutant size in a case of pJL10-derived deletion, 

and therefore a different way to find the 1
st
 integrant had to be designed. For this 

purpose the plasmid-genome primer pairs were used, and the product would be created 

only if the integration event occurred. This method, however, has one main 

disadvantage, which is the lack of any possibility to run a positive control in the PCR 

check. 

Since pJL10 and pJL11 were made on the pCH1 backbone, pCH1 check fwd and rev 

primers were used (Held, PhD thesis, 2012) and a new pair of primers for the genome 

check, upp genome check fwd and upp genome check rev, was designed (Tab. 9.1). 

For the pJL10 and pJL11 transformants multiple fast growing colonies were examined 

with the PCR method, yet no integration event was observed (Fig. 3.1.6). In some cases 

the PCR created unspecific bands, although they were much larger or smaller than 

expected.  
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Figure 3.1.6. Upstream and downstream integration of the pJL10 plasmid into the 

C. acetobutylicum genome. Sixteen colonies of C. acetobutylicum strain transformed with pJL10 

were checked for upstream (right) and downstream (left) recombination. L, 1kb DNA ladder; (-), 

negative control, template-free; 1 – 16, sixteen colonies chosen for the molecular check. 

 

 

Figure 3.1.7. Upstream and downstream integration of the pJL11 plasmid into the 

C. acetobutylicum genome. The DNA of 17 colonies was PCR-checked for upstream (right) and 

downstream (left) recombination. The predicted wild type size for the upstream primer set is 

1577 bps (1347 bps mutant) and for the downstream primer set is 1669 bps (1439 bps mutant). 

L, 1kb DNA ladder; (-), negative control, template-free; WT – wild type DNA used as a template; 

1 – 17; seventeen colonies chosen for the molecular check. 

 

To check the integration event for pJL11, one genome-binding primer and one primer 

binding to the region of the homology arm were used. For upstream integration the upp 

genome fwd and RHA upp insout rev were used, and for the downstream event the upp 

genome rev and LHA upp insout fwd were used (Tab. 9.1). In both experiments no first 

integrants were detected. 
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3.1.5. ClosTron upp mutant creation attempt 

 

To create the upp mutant, multiple approaches of allelic exchange were 

established, yet the ClosTron method was never tested. To test whether this method 

would prove more efficient, the pMTL007C-E2::upp-84|85a plasmid was created as 

described (Materials and Methods sections 2.4.3.2 and 2.5.2; the primers are listed in 

the Tab. 9.3) and introduced into the C. acetobutylicum WT strain. Multiple Tm-

resistant colonies were obtained and re-streaked onto Crm-containing CGM plates 

supplemented with uracil. This procedure was repeated several times and eventually 20 

colonies were obtained on CGM+Crm+uracil plates. All were checked with the RAM 

primers (Tab. 9.5), which is a typical procedure to assure intron integration and to 

eliminate false positive clones. Out of twenty screened DNA samples fifteen RAM-

integrated clones were detected, but none of them gave a positive signal in the PCR 

check on the upp genome fwd and Clostron upp check rev primers (Fig. 3.1.8). This 

would suggest the integration event took place somewhere else in the genome, which 

later was found out to be very rare, but possible, also for introns targeting other genes. 

Primer sequences are listed in the Tab. 9.1. 

 

 

Figure 3.1.8. The ClosTron integration of the upp re-targeted intron into the C. acetobutylicum 

genome. Here, the integration event was checked on (A) RAM primers and (B) genome primers 

on the DNA of five chosen colonies. For the genome check the wild type (WT) size should be 

1307 bps and the mutant size around 3400 bps. L, 1kb DNA ladder; WT, wild type DNA sample; 

1 – 5, five colonies chosen for the molecular check. 
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3.1.6. Application of different methods to improve the allelic exchange 

3.1.6.1. Different cultivation conditions 

 

During the attempts to create the upp mutant different conditions were applied to 

improve the integration of plasmids into the genome. Multiple approaches designed for 

this purpose included testing the impact of more re-streaks and a longer incubation time 

for the fastest-growing colonies in the liquid medium (for pJL9-520), cultivation in 

minimal (MES) and rich (CGM) mediums (for pJL9-520, pJL10, pJL11), multiple 

transfers to minimal medium hungates with different pH values (for pJL10, pJL11) or 

supplementation of 5-FU (for pJL10, pJL11). Examples are presented in figure 3.1.9. 

The DNA isolated from cultures subjected to these methods was checked for signs of 

plasmid integration to establish whether any of these conditions might favor allelic 

exchange in C. acetobutylicum cells. 

 

 

Figure 3.1.9. Schematic representation of two chosen cultivation methods applied to improve 

the recombination event in C. acetobutylicum. Media with different (A) pH values were used to 

simulate low pH stress and (B) 5-FU supplementation was applied to select for the upp 

disruptants. 5-fluorouracil is light-sensitive and very unstable in high temperatures, therefore a 

growth observed in hungates with 5-FU supplementation without molecular signs of plasmid 

integration was probably caused by an insufficient concentration of the selective chemical in the 

medium. 
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Figure 3.1.10. Downstream integration of the pJL10 plasmid into the C. acetobutylicum genome 

present in the sample treated with 5-FU to induce the integration event. The DNA samples were 

isolated from six pJL10–transformed colonies grown in an MES-uracil medium supplemented 

with 5-FU. One colony (no. 4, indicated by the arrow) produced a band of the expected size. L, 

1 kb DNA ladder; 1 – 6, six colonies chosen for the molecular check.  

 

Out of multiple colonies of C. acetobutylicum transformed with pJL10 and treated with 

5-FU, only six grew in the presence of the chemical, and were checked by PCR. One 

DNA sample produced a band of the expected size, 1747 bps, and this sample was used 

for further tests (Fig. 3.1.10). However, as in previous experiments it was not possible 

to maintain this sample for multiple re-streaks, regardless of the uracil supplementation. 

All primers were used as described in previous sections and are listed in the table 9.1. 

Although it seems obtaining the first recombinant in this particular region is difficult, it 

is strongly recommended to continue applying the methods described and testing them 

along with new deletion cassettes and different concentrations of uracil 

supplementation. 

3.1.6.2. Cloning of the recA gene into pJL11 

 

The RecA protein is a part of the DNA repair and recombination pathway. It 

plays a crucial role in homologous recombination by creating synapsis between two 
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complementary regions of DNA, because of its multiple DNA binding sites. The pJL11 

was used as a backbone to create the pJL11-RecA plasmid bearing a copy of recA along 

with a 157 bp-long upstream sequence supposedly containing its promoter region. The 

recA region of C. acetobutylicum (CAC1815) of 1230 bps in size was amplified using 

RecA-pJL11 fwd and rev primers (Tab. 9.1) and cloned into pJL11 with KpnI and 

EcoRI restrictases (Fig. 3.1.11). 

 

 

 

Figure 3.1.11. (A) Schematic representation of the amplified recA cassette with restrictases 

used for the cloning procedure (on the left) and the pJL11 plasmid with KpnI and EcoRI 

restriction sites indicated (on the right). (B) Cloning of the recA cassette into pJL11 resulted in 

the pJL11-RecA plasmid. RepL, origin of replication for clostridia; oriBR322/ori, origin of 

replication for E. coli. 

 

At the time of the creation of the pJ11-RecA plasmid a fully developed and well-

described pyrE-based system was received from the Nigel Minton group of the 

University of Nottingham (Ehsaan, PhD thesis, 2013), and therefore the 

C. acetobutylicum ΔpyrE strain was used to create clean deletion mutants, while work 

on the Δupp mutant construction was postponed. 
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3.1.7. Development of the new electroporation protocol to overcome troubles with 

difficult transformations of C. acetobutylicum 

 

In this work some of the plasmids were found to be exceptionally difficult to 

transfer into C. acetobutylicum cells with the standard electroporation protocol. 

Therefore a new, more sensitive method was required. A rapid, more efficient protocol 

for electroporation of Clostridium perfringens was described recently (Jiráskova et al., 

2005). Based on this protocol and our observations the standard protocol was modified 

as described in the Material and Methods section 2.5.1.3. Cells were harvested at a 

lower optical density value (OD600 0.20 – 0.35) and were washed only once in an ETM 

buffer. Additionally, the cells mixed with ultra-pure, salt-free DNA were left for 10 – 15 

minutes on ice.  

For lower amounts of DNA (around 3µg) 9 colonies per 1 µg of plasmid were obtained, 

and for higher amounts of DNA (around 7 µg) 12 colonies per 1 µg of plasmid were 

obtained. The values given are the average numbers from 3 independent experiments on 

the same plasmid DNA (pMADKupp
-
). 

More clones were obtained with this new method, especially when large plasmids (over 

10 kb) were used, when compared to the standard electroporation protocol. It was also 

observed the new protocol works significantly better mainly for those experiments in 

which no transformants were obtained using the standard protocol, while in the other 

cases the electroporation efficiencies were broadly similar.  

 

3.1.8. Establishing the inhibitory concentrations of 5-fluorouracil for 

Clostridium saccharobutylicum NCP 262 

 

The C. saccharobutylicum NCP 262 genome contains the uracil 

phosphoribosyltransferase gene, CSA00515 (Poehlein et al., 2013), and therefore it 

would be possible to create an upp-deficient strain for clean deletion mutation in this 

organism. For this purpose it was necessary to determine the inhibitory concentration of 

the selective chemical, 5-fluorouracil (5-FU). Tests were performed in a liquid medium 

and on agar plates, using ten different concentrations of 5-FU, and repeated three times. 

Here the average results of three independent experiments are shown, with standard 
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deviation values. It is shown C. saccharobutylicum is sensitive to 5-FU, and is able to 

grow only at low concentrations (10 μg/ml - 50 μg/ml) after several days of cultivation 

in a rich liquid medium, and not able to grow in higher concentrations at all (Tab. 3.1.1 

A). Therefore, it is proposed the inhibitory concentration for the solid and liquid 

cultures is 150 µg/ml.  

 

A.             

5-FU (µg/ml) 0 10 25 50 100 150 200 250 300 350 400 1000 

growth 1d±0 4d±0 4d±0 6d±1 X X X X X X X X 

 

B.             

5-FU (µg/ml) 0 10 25 50 100 150 200 250 300 350 400 1000 

number of 

colonies 

un. 250 

±12.49 

50 

±4.04 

50 

±5.86 

X X X X X X X X 

 

Table 1.3.1. (A) A 5-fluorouracil resistance test of the wild type C. saccharobutylicum in 

increasing amounts of 5-FU in a CGM liquid medium, given in µg/ml. The letter ‘d’ indicates the 

number of days after which we observed active growth. The inocula were composed of 3x10
5
 

cells. (B) A 5-fluorouracil resistance test of the wild type C. saccharobutylicum in increasing 

amounts of 5-FU, given in µg/ml, presented as the number of colonies noticeable after 1 week 

of incubation on 2 xYTG plates in the dark. Un., uncountable; X, no growth observed. 

 

 

3.2. Restriction-modification systems of Clostridium saccharobutylicum NCP 262 

3.2.1. Type I restriction–modification systems recognition 

 

C. saccharobutylicum NCP 262 has two restriction-modification systems 

annotated during the strain sequence analysis (Poehlein et al., 2013). The analysis of 

their gene organization suggests they are both restriction-modification (RM) type I 

systems, with the hsdR gene, coding for a restriction endonuclease R subunit, and 

hsdM-hsdS subunits, forming together methyltransferase. The first of two RM systems 
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(RM1) identified in C. saccharobutylicum consists of three genes: the restriction subunit 

(hsdR1, CSA00451), the methylation subunit (hsdM1, CSA00452) and the specificity 

subunit (hsdS1, CSA00453). The second RM system (RM2) contains all three subunits: 

hsdR2 (CSA02977), hdsM2 (CSA02981) and hdsS2 (CSA02979) and two hypothetical 

genes, CSA02978 and CSA2980. The structure of C. saccharobutylicum RM systems is 

shown in figure 3.2.1. 

 

 

Figure 3.2.1. Structure of the restriction-modification operons of C. saccharobutylicum NCP 

262. The first operon is composed only of the restrictase (HsdR) and methyltransferase 

subunits (HsdM and HsdS), while the second also contains two hypothetical proteins of 

unknown function. The genes are described more profoundly in the text. 

 

Type I RM systems are divided into five independent families, called IA, IB, IC, ID and 

IE. All of them show differences in antibody cross-reactivity, DNA hybridization 

patterns, subunit complementation, existenceg only within a family but not between 

families, and gene organization (Roberts et al., 2012). In the first restriction-

modification system of C. saccharobutylicum the hsdR1 gene is followed by the hsdM1 

and hsdS1 genes, which is typical for the IA or IB family. In the second RM the hsdMS2 

operon precedes the hsdR2 gene, which is typical for the IC family (Kulik & Bickle, 
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1996). The gene order and size of the respective M and S subunits affirmed the 

assignment of RM1 to family IA and RM2 to family IC (Kulik and Bickle, 1996). 

To confirm this theory a protein-protein BLAST (Basic Local Alignment Search Tool) 

and DELTA-BLAST experiments were done. The DELTA-BLAST (Domain Enhanced 

Lookup Time Accelerated BLAST) is a new algorithm that constructs a position-

specific scoring matrix (PSSM) based on the results from a Conserved Domain 

Database search and then uses it to search a sequence database (Marchler-Bauer et al., 

2013; Boratyn et al., 2012; Schäffer et al., 2001; Atlschul et al., 1997). Using this 

algorithm to blast the HsdR1 amino acid sequence against the Escherichia coli taxid it 

was found that, among sequences of classified restriction enzymes, the EcoKI R protein, 

belonging to the IA family, resulted in the most significant alignment (max identity 

21%, query coverage 85%). For the hsdR2 peptide sequence the best alignment was the 

EcoR124II R protein, a member of the IC family of restriction enzymes (max identity 

17%, query coverage 91%). For this experiment the E. coli peptides were chosen due to 

the components of their RM systems being well-known and well described. 

The main reason to investigate the methylation systems of C. saccharobutylicum is to 

overcome the activity of their restrictases and enable the possibility to transform the 

organism with exogenous DNA. Despite the biotechnological importance of this 

solventogenic microbe (Ni et al., 2013), no successful transformation has yet been 

described. This might be attributed to the two restriction-modification (RM) systems. 

The development of an efficient conjugation or transformation protocols is a 

prerequisite for genetic engineering of C. saccharobutylicum NCP 262. In vitro DNA 

methylation is simple and fast, although mostly inefficient. Creation of an in vivo 

methylation system based on the E. coli strain requires more time and resources, but is 

more reliable once adapted.  

 

 

 



Results 

- 100 - 

3.2.2. Exogenous DNA methylation 

3.2.2.1. In vitro DNA methylation 

 

Along with the development of an in vivo methylation system for 

C. saccharobutylicum an attempt was made to establish a method to modify plasmid 

DNA in vitro with putative enzymes of the organism. The protocol was based on a 

method of Alegre and colleagues (Alegre et al., 2004), created for another Gram-

positive organism, Lactobacillus plantarum. 

A crude extract from C. saccharobutylicum cells grown to the OD600 value of 2.0 was 

isolated using ultrasound, and cell membrane disruption was checked under the 

microscope. It was observed that the most effective way to disrupt the cells was a 30-

min-long incubation with 30µl lysozyme (20 mg/ml) at 37°C and 5 sonications, each 

lasting 5 minutes, with a 1-minute pause for cooling the probe down . 

The standard curve to determine the protein concentration in the crude extract from the 

cells was done using the Bradford assay on fixed concentrations of bovine serum 

albumin (BSA) and the results are shown in figure 3.2.2. 
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Figure 3.2.2. Standard protein concentration curve of the Bradford assay made on BSA 

samples compared with the protein curve made on samples from the crude protein extract from 

45 ml overnight culture of C. saccharobutylicum cells, centrifuged and resuspended in 2 ml of 

the buffer. After the Bradford assay the two samples with the highest concentrations of crude 

protein extract were diluted twice for measurement purposes, and the non-computed values are 

given in brackets. The results shown come from the representative experiment. The Bradford 

assay was repeated three times and all results were similar; for each optical density 

measurement three technical replicates were made, as described in section 2.8.2.4. 

 

The DNA of the pMTL007C-E2 plasmid was incubated with crude protein extract and a 

buffer mix for the in vitro methylation, as described in the Materials and Methods 

section. Next, the methylated plasmid was used in a standard Clostridium 

transformation protocol (described in Materials and Methods). In the meantime a new 

transformation protocol was developed (Results, section3.1.6) and tested for 

C. saccharobutylicum. However, neither of the protocols gave the expected results. At 

the same time only several single colonies were observed on the non-selective plates in 
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the positive transformation test, which would suggest high sensitivity of the 

microorganism to the conditions of either of the transformation protocols.  

Along with the in vitro methylation protocol an in vivo E. coli-based system was 

developed, and considering the troubles with the in vitro procedure, more attention was 

focused was on the latter one, which proved to be very efficient in later experiments. 

 

3.2.2.2. In vivo Escherichia coli-based DNA methylation system 

3.2.2.2.1. Construction of pJL1 and pJL2 

 

To create the in vivo methylation system the native methyltransferases of 

C. saccharobutylicum were used. Since no information on the activity and specificity of 

either of the enzymes was provided, two methylation plasmids: pJL1 and pJL2 

containing MTase1 and MTase2, respectively, were created and their methylation 

efficiencies were compared. 

The genes for methylation and specificity subunits of the RM1 operon were amplified 

with the 010 primers from the genomic DNA of C. saccharobutylicum (all primers used 

for pJL1 and pJL2 plasmids creation are listed in table 9.2) and cloned into pUC19 

using the PstI/XbaI sites, resulting in the plasmid pJL010. Respectively, methylation 

and specificity subunits of RM2 were amplified with 020 primers and cloned into 

pUC19 using PstI/XbaI and XbaI/EheI sites resulting in the plasmid pJL020. 

The T7 promoter from the pJet plasmid (Thermo Scientific) was cloned into pJL010 and 

pJL020 using the PciI/PstI sites and the JetT7 primers resulting in pJL011 and pJL021 

(Fig. 2.3.2). Next, the pACYC184 plasmid backbone was amplified using the 

PACYC_backbone primers, introducing SpeI/SmaI restriction sites. This fragment was 

ligated with the methylation cassettes, including the T7 promoter, amplified by the 011 

and 021 primers. Then the construct was amplified using the JL-Tet primers and closed 

by the introduced KpnI site, resulting in pJL1 and pJL2 (Fig. 3.2.3). 
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Figure 3.2.3. Schematic representation of the creation of the pJL1 and pJL2 methylation 

plasmids. The structure of both restriction-modification operons of C. saccharobutylicum is 

presented (at the top) and the methylation cassettes regions are indicated with solid black lines 
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shown below the graphic representation of the genes, along with the restriction enzymes used 

for cloning purposes. Below, the pUC19 plasmid, used as a backbone for the pJL1 and pJL2, is 

shown. The figure shows in detail the process of pJL2 plasmid construction. The plasmid pJL1 

was made accordingly. 

 

3.2.2.2.2. E. coli host strains for pJL1 and pJL2 plasmids 

 

Initially, both plasmids were supposed to be propagated in the Top10 strain, and 

later introduced into the E. coli strain with T7-RNA polymerase in the genome, i.e. the 

BL21(DE3) strain, to assure the effective expression of the MTase cassettes from the T7 

promoter. However, during preliminary tests of the conjugation protocol it was 

observed that plasmid DNA was methylated and introduced into C. saccharobutylicum 

cells also when the Top10 strain was a host for the methylation plasmids. The results 

were repeated in several tests, and therefore the non DE3 lysogen strains were also 

considered as future hosts for methylation plasmids. Two possible explanations of this 

phenomenon exist – either the expression is driven by a native MTase promoter, or by 

the promoter of a Tet-resistance gene located upstream on the plasmid. An attempt to 

detect a native promoter using the BPROM algorithm (SoftBerry) was made, however 

none were found within the first 200 nucleotides of the cloned MTase region. However, 

it must be underlined that the BPROM algorithm is designed to search for E. coli 

promoter regions mainly, and may not recognize some of the clostridial regulatory DNA 

elements. 

To this end, pJL1 and pJL2 were introduced into three different strains of E. coli hosts – 

the Top10, a standard cloning and plasmid propagation strain; the ER1793, an mcrA-BC 

and mrr-deficient strain, which is a close relative of the ER2275 strain, used as a host 

for pAN1 and pAN2 methylation plasmids for C. acetobutylicum (Mermelstein & 

Papoutsakis, 1993); and the INV110, a dam and dcm-deficient strain (Tab. 2.2). All 

three hosts were tested for their methylation and conjugation efficiency. It was 

established that the first two E. coli strains proved to be very good hosts for the purpose 

of this work, showing fast and efficient growth. The third strain, INV110, when tested 

grew significantly slower in the presence of selective antibiotics than the two other 
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strains. For all further conjugation experiments, the fastest growing Top10 strain was 

used. 

 

3.2.3. Modification of C. saccharobutylicum cells with plasmid DNA 

3.2.3.1. Efficiency of conjugation 

 

Since nothing is yet known about the sequence specificity of the restriction 

systems of C. saccharobutylicum, both methyltransferases (MTases) from the organism 

were tested for their ability to overcome the activity of restrictases. To this end, two 

methylation plasmids pJL1 and pJL2 (Fig. 3.2.3) were constructed, expressing the 

methyltransferases of RM1 and RM2 in an E. coli Top10 strain. 

C. saccharobutylicum was conjugated with an E. coli strain bearing a random plasmid 

to test the efficiency of the newly-created modification systems. For this purpose the 

pMTL007C-E2 plasmid was used, as this E. coli-Clostridium shuttle vector with the 

Ll.ltrB group II intron is widely used in the creation of ClosTron mutants. The 

conjugation method was performed as described in section 2.5.1.4 of Material and 

Methods. Multiple colonies resistant to thiamphenicol were obtained when using either 

the pJL1 or pJL2 plasmid, confirming a successful transfer of pMTL007C-E2 into 

C. saccharobutylicum cells. It was possible to restreak the colonies multiple times, 

which implied no loss of plasmid. For molecular proof a PCR check was performed by 

amplifying a specific region of pMTL007C-E2, using the RAM primers (Tab. 9.5) on 

the DNA extracted from five randomly picked clostridial colonies, transformed with the 

plasmid methylated by either pJL1 or pJL2. All of the tested samples produced a band 

of the expected size (Fig. 3.2.4 A). Furthermore, 5 µl of total DNA extracted from one 

of the five colonies modified with each methylation variant (pJL1 or pJL2), which had 

all been checked with PCR, were used to transform the E. coli Top10 cells. The 

pMTL007C-E2 particles should be present in the total DNA extracted from the 

C. saccharobutylicum transconjugants, therefore this procedure should result in Tm-

resistant, plasmid-bearing E. coli cells. As expected, it was possible to observe colonies 

on selective plates, and a randomly-picked E. coli transformant from each methylation 

variant was used for plasmid DNA extraction and restriction analysis with EcoRI. 
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Digestion products were visualized on 1% agarose gel; the pMTL007C-E2 plasmid 

should give four bands of the following sizes: 6244 bps, 2313 bps, 324 bps and 26 bps 

(Fig. 3.2.4 B). 

Due to the conjugative transfer of the DNA, requiring the presence of plasmid-bearing 

E. coli cultures, there is always a risk that plasmid DNA extracted from Tm-resistant 

clostridial cultures could originate from E. coli contamination. To rule out this 

possibility 200µl of each previously PCR and EcoRI-checked clostridial cultures were 

plated on the LB+Cm plates and left overnight in aerobic conditions, as a negative 

control. The plates remained clear after 5 days of incubation at 37ºC, proving there was 

no E. coli contamination of the clostridial cultures. 

 

 

Figure 3.2.4. (A) The PCR test on RAM primers confirming the presence of pMTL007C-E2 in 

conjugated C. saccharobutylicum cells. Lanes: pMTL; control PCR product on empty 

pMTL007C-E2; 1 – 5, PCR on the total DNA isolated from five C. saccharobutylicum colonies 

modified with the pJL1-methylated pMTL007C-E2 plasmid; 6 – 10, PCR on the total DNA 

isolated from five C. saccharobutylicum colonies modified with the pJL2-methylated pMTL007C-

E2 plasmid; WT , C. saccharobutylicum wild type control; L, 1kb DNA ladder. (B) EcoRI 

restriction analysis of plasmid DNA isolated from E. coli transformed previously with the total 

DNA extracted from conjugated C. saccharobutylicum cultures. Three visible bands are 

indicated by the arrows. Lanes: L, 1kb ladder, NEB; 1, colony modified with the pJL1-

methylated pMTL007C-E2 plasmid; 2, colony modified with the pJL2-methylated pMTL007C-E2 

plasmid; pMTL, pMTL007C-E2 control. 
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The conjugational approach creates less challenging conditions for the clostridial host 

cells, but at the same time it is much slower and more laborious than the electroporation 

method. Several attempts to electroporate C. saccharobutylicum with the newly 

developed methylation system were made, however with no positive result, and only a 

few clostridial colonies were spotted on non-selective plates. Therefore for all future 

experiments, the conjugation protocol was used to introduce plasmid DNA into 

C. saccharobutylicum cells. 

 

3.2.3.2. Different origins of replication for C. saccharobutylicum 

 

In order to assess the usefulness of four widely used origins of replication for 

clostridia, four modular plasmids methylated with pJL1 were introduced into 

C. saccharobutylicum and replica-plated on 2 x YTG plates with and without any 

selective antibiotic. 

The stability of the four plasmids: pMTL85151, pMTL82151, pMTL83151 and 

pMTL84151 (Tab. 3.2.1) bearing four Gram-positive origins of replication from 

pIMP13, pBP, pCB102 and pCD6 respectively were tested. In three independent repeats 

of this experiment it was observed that the origins from pIM13 and pBP were the most 

stable as the plasmids pMTL85151 and pMTL82151 were still present in the tenth 

subculture, while the plasmids pMTL83151 and pMTL84151, containing origins from 

pCB102 or pCD6, were lost, at the latest, in the seventh subculture in the absence of 

antibiotic pressure (Tab. 3.2.1 A and B).  
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3.2.4. Analysis of the C. saccharobutylicum NCP 262 restrictases 

3.2.4.1. Creation of ClosTron mutants in hsdR1 and hsdR2 restrictase genes 

 

To test the importance of RM1 and RM2 in the restriction of 

C. saccharobutylicum, the ClosTron mutants hsdR1::int and hsdR2::int were 

constructed by knocking-out each of the restrictases. One of the characteristic traits of 

type I RM-systems is that the M and S subunits are transcribed from a different 

promoter than the R subunit. Therefore, a disruption of the hsdR gene should not affect 

the activity of its MTase (Wilson & Murray 1991). 

ClosTron plasmids with introns targeting hsdR1 and hsdR2 were designed using the 

www.ClosTron.com website (Perutka et al., 2004), synthesized by DNA2.0 (Menlo 

Park, CA) and methylated with pJL1. Mutants were created as described previously 

(Heap et al., 2010), except for the usage of lincomycin instead of erythromycin during 

the mutant selection step. The correct mutations were verified by PCR (Fig. 3.2.5 A) 

and sequencing. Neither the hsdR1 nor the hsdR2 mutation affected the growth rate of 

Clostridium strains (Fig. 3.2.6). The single integration event of the ClosTron group II 

intron in each mutant was confirmed by Southern blotting (Fig. 3.2.5 B); the hsdR1::int 

and hsdR2::int mutants genomic DNA were digested with HindIII restrictase and should 

give visible bands of around 2.4 kb and 3.1 kb, respectively. 
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Phenotypes of the mutants and the WT strain were characterized according to their 

ability to receive DNA by conjugation with unmethylated and in vivo methylated 

pMTL85151 plasmid DNA (Tab. 3.2.3 A and B). 

 

 

 

Figure 3.2.5. (A) Integration of the hsdR1 and hsdR2-targeting intron into the 

C. saccharobutylicum genome. The correct integration of the intron was determined by the PCR 

reaction on mutant and wild type samples using different primer sets. Lanes: 1, RAM primers, 

C. saccharobutylicum hsdR1::int sample; 2, hsdR1 gene primers, hsdR1::int sample; 3, 

hsdR1 gene primers, C. saccharobutylicum wild type sample; 4, RAM primers, hsdR2::int 

sample; 5, hsdR2 gene primers, hsdR2::int sample; 6, hsdR1 gene primers, 

C. saccharobutylicum wild type sample; (-), negative control; L, 1 kb DNA ladder. The primers 

used for the molecular check are listed in table 9.5. (B) Southern Blot showing single integration 

event of the hsdR1and hsdR2-targeting intron into the C. saccharobutylicum genome on HindIII 

-digested mutant DNA; L, biotinylated 2-log DNA ladder NEB. Visualized mutant bands are 

indicated by black arrows. 
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A 2xYTG 

pMTL85151 pMTL82151 pMTL83151 pMTL84151 

Restreak number Number of colonies 

1 10.0 ± 0 10.0 ± 0 10.0 ± 0 10.0 ± 0 

2 10.0 ± 0 10.0 ± 0 10.0 ± 0 10.0 ± 0 

3 10.0 ± 0 10.0 ± 0 10.0 ± 0 10.0 ± 0 

4 10.0 ± 0 10.0 ± 0 10.0 ± 0 10.0 ± 0 

5 10.0 ± 0 10.0 ± 0 10.0 ± 0 10.0 ± 0 

6 10.0 ± 0 10.0 ± 0 10.0 ± 0 10.0 ± 0 

7 10.0 ± 0 10.0 ± 0 10.0 ± 0 10.0 ± 0 

8 10.0 ± 0 10.0 ± 0 10.0 ± 0 9.7 ± 0.58 

9 10.0 ± 0 10.0 ± 0 10.0 ± 0 9.7 ±0.58  

10 10.0 ± 0 10.0 ± 0 10.0 ± 0 9.7 ±0.58 

 

B 2xYTG+Tm (15 µg/ml) 

pMTL85151 pMTL82151 pMTL83151 pMTL84151 

Restreak number Number of colonies 

1 10.0 ± 0 10.0 ± 0 10.0 ± 0 10.0 ± 0 

2 9.7 ±0.58 10.0 ± 0 10.0 ± 0 10.0 ± 0 

3 8.7 ±1.53 9.0 ±1.0 9.7 ±0.58 10.0 ± 0 

4 7.0 ±1.0 8.7 ±0.58 9.7 ±0.58 9.7 ±0.58 

5 5.0 ±1.0 6.7 ±1.15 9.3 ±0.58 9.3 ±1.15 

6 3.0 ±1.73 5.0 ±1.73 8.3 ±1.15 9.0 ±1.0 

7 0.0 ± 0 2.7 ±0.58 7.3 ±1.52 8.3 ±1.53 

8 0.0 ± 0 0.0 ± 0 6.7 ±0.58 7.3 ±0.58 

9 0.0 ± 0 0.0 ± 0 5.7 ±0.58 7.3 ±0.58 

10 0.0 ± 0 0.0 ± 0 5.3 ±0.58 6.7 ±0.58 

 

Table 3.2.1. The analysis of the stability of four different Gram-positive origins of replication in 

C. saccharobutylicum cells: pMTL85151, pMTL82151, pMTL83151 and pMTL84151 on the (A) 
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non-selective and (B) selective 2 x YTG agar plates. The table shows the number of single cell-

derived colonies visible on the plate, and the starting number of colonies equaled 10. The 

decreasing number of colonies appearing on the selective plates suggested plasmid loss. The 

standard thiamphenicol concentration was applied, and the numbers of colonies visible on 

selective and non-selective plates were counted after every restreak. The numbers given in the 

table are the average of the scores of three independent experiments, with standard deviation 

values. 

 

 

Figure 3.2.6. Growth curves of C. saccharobutylicum wild type and two restrictase mutant 

strains, hsdR1::int and hsdR2::int in rich medium batch culture experiments. The results shown 

come from the representative experiment. The growth curve experiment was repeated three 

times and all results were similar; for each optical density measurement three technical 

replicates were made, as described in section 2.3. 
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The markerless C. saccharobutylicum strain with disrupted restrictase genes is 

important for further easy mutant creation. To this end a pCLF1-1 plasmid, bearing the 

flippase gene (2.5.3, Materials and Methods), was used to remove the ermB cassette 

from the hsdR1::int and hsdR2::int mutants. However, despite multiple attempts it was 

not possible to obtain a markerless mutant, and similar problems were described 

previously (Heap et al., 2014). 

 

3.2.4.2. Phenotype analysis of C. saccharobutylicum hsdR1::int and hsdR2::int 

mutants 

 

Since nothing is yet known about the specificity of the restriction systems of 

C. saccharobutylicum, the in vivo methylation by the methyltransferases (MTases) from 

the organism was used to overcome the restrictase activity. To this end, two methylation 

plasmids pJL1 and pJL2 were constructed (Fig. 3.2.3), expressing the 

methyltransferases of RM1 and RM2 in an E. coli Top10 strain, as in vivo methylation 

systems. For approximately 10
7
 C. saccharobutylicum WT cells used as recipients on 

average 1.1 x 10
-4

 and 1.7 x 10
-3

 transconjugants per recipient cell were obtained after 

methylation in donor strains bearing pJL1 (MTase1) and pJL2 (MTAse2) respectively, 

(Tab. 3.2.2) whereas no transconjugants could be observed without the in vivo 

methylation step. 
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A      B 

unmethylated donor DNA  methylated donor DNA 

recipient   recipient methylation plasmid 

    pJL1 pJL2 

WT 

 
0 

 WT 
1.1 x 10-4                     

± 3.5 x 10-5 

1.7 x 10-3                    

± 3.65 x 10-5 

hsdR1::int 1.13 x 10-4                

± 6.13 x 10-6 
 hsdR1::int 1.25 x 10-3                     

± 8 x 10-4 
4.59 x 10-3                  

± 1 x 10-3 

hsdR2::int 3.24 x 10-4                
± 8.54 x 10-6 

 hsdR2::int 8.04 x 10-4                   
± 6.42 x 10-5 

4.24 x 10-4                   
± 2 x 10-4 

 

Table 3.2.2. Representative conjugation efficiencies for C. saccharobutylicum wild type, 

hsdR1::int and hsdR2::int strains. E. coli transformed with the plasmid pMTL85151 was used as 

the donor in the presence of E. coli CA434 as the helper strain. Donor DNA was (A) 

unmethylated or (B) in vivo methylated using either pJL1 or pJL2. The efficiency values are 

given as a number of conjugants per recipient cell with standard deviation numbers given, after 

12 hours of incubation at 37ºC and resuspension in 1ml of anaerobic PBS. 

 

When in vivo methylation was done using E. coli Top10 containing pJL1 with the 

hsdMS1 methyltransferase, the number of colonies that successfully received 

pMTL85151 by conjugation and became thiamphenicol-resistant was one order of 

magnitude higher than in the wild type, if the hsdR1::int mutant was used as a recipient, 

and eight times higher if the hsdR2::int mutant was used. When an E. coli Top10 

containing pJL2 for in vivo methylation was used as a donor there was a threefold 

difference in the number of conjugants between the wild type and the hsdR1::int mutant 

in favor of the latter one. We also observed less conjugants by one order of magnitude 

for the hsdR2::int recipient compared to the hsdR1::int (Tab. 3.2.2 B). 

No conjugant colonies were detected for the WT recipient when unmethylated DNA 

was used. However, conjugants can be observed for both restrictase mutants as 

recipients, with higher rates for the hsdR2::int mutant (Tab. 3.2.2 A).  
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3.3. Sugar and pentose metabolism in solventogenic clostridia 

3.3.1. Characterization and comparison of sugar metabolism in three solventogenic 

Clostridium strains, C. acetobutylicum ATCC 824, C. saccharobutylicum NCP 262 

and C. beijerinckii NCIMB 8052 

 

Solventogenic Clostridium strains are known to be able to metabolize simple 

plant-derived sugars, like glucose, xylose, arabinose, fructose or ribose. Different strains 

can produce different types of industrially important solvents and acids. This work 

focused on the ABE (acetone, butanol and ethanol) fermentation in three major 

solventogenic Clostridium strains, and the role of two kinases, the arabinose and the 

xylose kinase, in the metabolism of simple pentoses was investigated.  

To create a background for the more profound analysis of the wild type and mutant 

strains of solventogenic clostridia, a basic knowledge about the phenotype of the wild 

type Clostridium acetobutylicum, C. saccharobutylicum and C. beijerinckii in the most 

suitable conditions, namely a rich medium supplemented with glucose, was needed to 

create the control growth curves. C. acetobutylicum and C. saccharobutylicum were 

cultured in the same liquid medium (CGM with 5% glucose), however C. beijerinckii 

required more complex conditions and was cultured in 2 x YTG supplemented with 2% 

glucose, or in RCM with additional glucose supplementation, if needed. In this 

experiment general observations were made, and it was noticed that 

C. saccharobutylicum was capable of growing to higher optical density values than 

C. acetobutylicum, and its regeneration time after innoculation was much shorter, when 

compared to the two other strains, regardless of the state of preculture. Although in 

further experiments C. acetobutylicum was observed to be the most resistant to oxygen 

exposure, it was also the most liable to degenerate due to pSOL1 loss, which affects the 

solvent production and sporulation abilities of the strain (Xu Zheng, personal 

communication). C. beijerinckii was the most sensitive to oxygen stress and relatively 

difficult to handle. The best conditions to cultivate this strain were the Reinforced 

Clostridial Medium (RCM) for both solid and liquid cultures or modified 2 xYTG, with 

higher sugar supplementation (2%), for liquid cultures only. 

The ability of all three solventogenic strains to grow in a rich medium supplemented 

with glucose, fructose, ribose, xylose or arabinose was tested. To this end a hungate 



Results 

- 115 - 

experiment was designed, in which the strains’ behavior in 5 ml of rich medium 

supplemented with different sugars could be observed. Generally, this experiment only 

gives information on the growth ability of the organisms under certain conditions, but 

when conducted carefully from a small innoculum or single colony, it can also produce 

information on how fast the strain could grow. The same amount of preculture: 0.5 ml, 

which was 10% of the total medium volume was used for all experiments to observe if 

the strains are capable of using all the sugars mentioned as carbon and energy sources. 

For C. acetobutylicum and C. saccharobutylicum the CGM medium was used, and for 

the C. beijerinckii the 2 x YTG medium was required. All wild type strains showed 

comparable growth in hungates, when compared to each another, confirming their 

ability to ferment glucose, fructose, arabinose, xylose and ribose. 

To test their ability to ferment glucose in the rich medium (CGM for C. acetobutylicum 

and C. saccharobutylicum or 2x YTG for C. beijerinckii), batch cultures were 

supplemented with 200 mM of a sugar, and out of three experiments one was chosen as 

representative (Fig. 3.3.1). 

 

 

Figure 3.3.1. Comparison of the fermentation profile of three major solventogenic Clostridium 

strains: C. acetobutylicum ATCC 824, C. beijerinckii NCIMB 8024 and C. saccharobutylicum 

NCP 262 in batch cultures of rich medium (as indicated in the text) supplemented with 200 mM 

glucose. The samples were collected 78h after inoculation time, solvent and acids 

concentrations were measured by gas chromatography, as described in section 2.8.1. The 
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OD600 values are indicated above as diamond points; for each optical density measurement 

three technical replicates were made, as described in section 2.3. The results shown come from 

one representative experiment. The experiments were repeated three times, giving similar 

results. 

 

3.3.2. Characterization of Clostridium acetobutylicum ATCC 824 and 

Clostridium saccharobutylicum NCP 262 arabinose and xylulose kinase mutants 

3.3.2.1. Arabinose and xylose operons in C. saccharobutylicum 

 

During the sequencing of the C. saccharobutylicum genome two clusters of 

presumed xylose metabolism genes were annotated (Poehlein et al., 2013). Using 

simple nucleotide or protein BLAST (Basic Local Alignment Search Tool) and 

DELTA-BLAST (Domain Enhanced Lookup Time Accelerated BLAST) experiments, 

sequences of genes from these two clusters were compared to 

Clostridium acetobutylicum ATCC 824 xylB and araK kinases, to find possible xylulose 

and arabinose kinases (Marchler-Bauer et al., 2013; Boratyn et al., 2012; Schäffer et al., 

2001; Atlshul et al., 1997). For C. acetobutylicum araK the BLAST algorithm gave the 

highest score with CSA00774 (query cover 100%, identity 84%) and for xylB the 

highest score was produced by CSA03335 (query cover 100%, identity 82%). The 

DELTA-BLAST algorithm was used to confirm these results and to look for highly 

conserved regions. The up- and downstream genes were analyzed and two clusters 

containing genes responsible for arabinose and xylose metabolism were described 

(Fig. 3.3.2). The first cluster most probably consists of an operon, CSA00700 – 

CSA00775, containing a transcriptional regulator, L-ribulose-5-phosphate-4-epimerase, 

transaldolase (tal), transketolase (tkt), sugar kinase and hypothetical protein, and 

L-arabinose isomerase, located upstream (CSA00769). The entire second cluster forms 

possibly one operon, CSA03335 – CSA03329, consisting of xylulokinase (xylB), 

transcriptional regulator or sugar kinase (as annotated), tal, tkt, hypothetical protein and 

L-fucose isomerase, with promoter region mapped upstream of the CSA03335 gene 

(Fig. 3.3.2 and Fig. 3.3.14). Using the nucleotide and protein BLAST each gene of both 

C. saccharobutylicum clusters was analyzed and compared to the genes of 

C. acetobutylicum. In the first cluster most of the genes were aligned with the 
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C. acetobutylicum genome in a protein blast, although some of them produced 

significant alignments also in nucleotide blast. It is further specified whether the results 

were obtained with a nucleotide or protein blast experiment. The CSA00769 

(L-arabinose isomerase) is homologous to CAC1342, the araA gene (protein blast, 98% 

coverage, 58% identity). The following gene, annotated as a transcriptional regulator is 

homologous with the araR gene of C. acetobutylicum (protein blast, 98% coverage, 

37% identity) and the L—ribulose-5-phosphate-4-epimerase gene (CSA00771) is a 

homolog of CAC1341 – araD, (protein blast, 100% coverage, 61% identity). For both 

transaldolase and transketolase the best alignments were found in the nucleotide blast 

for C. acetobutylicum CAC1347 and CAC1348, respectively. The last gene of the first 

cluster, annotated as a hypothetical protein (CSA00775), was blasted against a 

nucleotide sequence of clostridia in the NCBI database and all matches were described 

as D-xylose-proton symporters, also in C. acetobutylicum (CAC1345). In the NCBI 

database the CSA00775 gene is annotated as a putative metabolite transport protein 

YwtG and it is possible it could be involved in arabinose transport. 

Out of the second cluster the nucleotide blast of the CSA03330 gene, annotated as 

L-fucose isomerase, was matched with the CAC2610 gene, which is also an L-fucose 

isomerase (nucleotide blast, query coverage 99% and identity 82%). Interestingly, for 

the hypothetical protein (CSA03331) the best C. acetobutylicum alignment was the 

CAC2611 (nucleotide blast, coverage 99%, identity 82%), which is also annotated as a 

hypothetical protein. Transketolase and transaldolase were aligned to C. acetobutylicum 

CAC1348 (nucleotide blast, 98% query coverage, 73% identity) and CAC1347 

(nucleotide blast, 93% query coverage, 75% identity) genes, respectively (also tkt and 

tal). The CSA03334 gene, in the JGI database annotated as a transcriptional regulator or 

sugar kinase and in the NCBI database as a putative xylose repressor, was aligned to the 

CAC3673, xylR gene (protein blast, 96% query coverage, 36% identity). 

Both transketolases of C. saccharobutylicum matched the same tkt gene of 

C. acetobutylicum. The CSA00773 gene shows 74%, and CSA03332 73% identity with 

the CAC1348 gene. As for the transaldolases; CSA0333 matched C. acetobutylicum 

CAC1347 with 75% and CSA00772 with 74% identity. 
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Figure 3.3.2. Schematic representation of two clusters of genes involved in the arabinose and 

xylose metabolism in Clostridium saccharobutylicum NCP 262. The kinases are underlined, and 

the first and last genes of each cluster are indicated with their JGI numbers. Abbreviation of the 

gene names are explained in the text. 

 

 

3.3.2.2. Arabinose and xylose operons in C. acetobutylicum ATCC 824 

 

Two presumed xylose operons of C. acetobutylicum ATCC 824, CAC1344 – 

CAC1349 and CAC2612 – CAC2610, were annotated previously (Grimmler et al., 

2010), and in both NCBI and JGI databases CAC2612 and CAC1344 genes are 

annotated as xylulose kinases. Recent studies, however, point out that the first operon 

could be involved in arabinose metabolism and experiments performed during this study 

confirm this theory. For the purposes of this work the CAC1344 – CAC1349 operon 

was named the arabinose operon, and the CAC2612 – CAC2610 operon the xylose 

operon. In the analysis of the arabinose operon multiple genes involved in the arabinose 

metabolism were found and are shown in figure 3.3.3. 
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Figure 3.3.3. Schematic representation of two clusters of genes involved in the arabinose and 

xylose metabolism of Clostridium acetobutylicum ATCC 824. Both kinases, araK and xylB, are 

underlined, and first and last genes of clusters are indicated with their NCBI numbers. 

Abbreviation of the gene names are explained in the text. 

 

The first cluster, composed of genes involved in the arabinose metabolism, opens with 

the araE gene (CAC1339), coding for a possible sugar-proton symporter, and is 

followed by araR, the transcriptional regulator from the LacI family. The next three 

genes possibly form an operon, with the araD gene 

(L-ribulose-5-phosphate-4-epimerase), araA (arabinose isomerase) and pkt 

(phosphoketolase), with the promoter located upstream of the araD gene, CAC1341 

(Fig. 3.3.19). 

The arabinose operon starts with araK (CAC1344), an arabinose kinase, which is 

followed by xylT, annotated as a D-xylose proton symporter, araA (L-arabinose 

isomerase), a putative transaldolase, transketolase and galM (CAC1349), coding for 

aldose-1-epimerase. 

The xylose operon consists of three genes, the xylB (CAC2612), which encodes a 

xylulose kinase, a hypothetical protein and L-fucose isomerase (CAC2610). 

Downstream of the xylB there is one additional gene that may be involved in xylose 

metabolism, the glcK – a transcriptional regulator from the NagC/ XylR family, and is 

present in the same KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway as 

the CAC2612 gene (Kanehisa et al., 2014). 
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3.3.2.3. ClosTron mutant creation of the araK and xylB genes of C. acetobutylicum 

ATCC 824 and C. saccharobutylicum NCP 262 

 

To investigate the xylose and arabinose metabolism in 

Clostridium acetobutylicum, the ClosTron mutants in two kinases of previously 

described operons (Grimmler et al., 2010): the araK and xylB, and a double clean 

deletion mutant in both genes were constructed. Each kinase gene is located in a pentose 

metabolism-related gene cluster (Fig. 3.3.3), and for a long time it remained unclear 

which one is responsible for xylose and which for arabinose fermentation. Additionally, 

genes homologous to C. acetobutylicum araK and xylB in C. saccharobutylicum 

(Fig. 3.3.2) were disrupted using the ClosTron method and the phenotypes of mutants of 

both species were compared. 

ClosTron plasmids were created as described previously in Materials and Methods 

(section 2.5.2) and are listed in table 2.2. For C. acetobutylicum appropriate primers 

(Tab. 9.3) were designed at the www.ClosTron.com web site, using the Perutka 

algorithm (Perutka et al., 2004) and re-targeted introns were cloned into the 

pMTL007C-E2 plasmid. For C. saccharobutylicum re-targeted introns were synthesized 

by DNA2.0 (Menlo Park, CA) and sent already-cloned into the pMTL007C-E2 plasmid. 

The list of all the primers used for each mutant check is attached to the Supplementary 

Data section (Tab. 9.5). The list of plasmids with integration regions are listed in 

table 2.2. All mutants were screened with the PCR technique for the correct region of 

integration (Fig. 3.3.4) and checked with Southern Blot to assure only one integration 

event (Fig. 3.3.5). For all ClosTron mutants the sizes of the bands produced in the PCR 

reaction were around 2.1 kb larger than the wild type template-derived product. The 

ClosTron check for C. acetobutylicum was done using the Cac araK check primers 

(1656 bps product) and Cac xylB check primers (1558 bps product); for 

C. saccharobutylicum the following primers were used: Csa araK check (1693 bps 

product) and Csa xylB check (657 bps product). The molecular check for the araK clean 

deletion was made using Cac araK clean deletion check primers on the WT (3266 bps 

product) and C. acetobutylicum ΔaraK (1667 bps product) strains. The molecular check 

for the xylB clean deletion was done using Cac xylB clean deletion check primers on the 



Results 

- 121 - 

WT (3548 bps product), C. acetobutylicum ΔxylB and C. acetobutylicum ΔaraKΔxylB 

(2051 bps product) templates. It is noticeable that the PCR on the C. acetobutylicum 

c araK template with Cac araK clean deletion check primers produced a band of larger 

size than expected and this phenomenon was observed multiple times, however the 

sequencing reactions always resulted in the sequence of a correctly constructed mutant. 

Additionally, all C. acetobutylicum strains were PCR checked for pSOL1 presence 

using a pSOL check primer pair, producing a band of around 1.2 kb, and exemplary 

PCR reactions on RAM primers were made for C. saccharobutylicum ClosTron 

mutants. The primers are listed in table 9.5. 

For the blotting experiment different restrictases were used. The 

C. acetobutylicum araK::int mutant genomic DNA was digested with the NcoI 

restrictase and produced a visible band of a size of around 6.1 kb. The 

C. acetobutylicum xylB::int, C. saccharobutylicum araK::int and 

C. saccharobutylicum xylB::int genomic DNA were digested with the HindIII enzyme, 

producing detectable DNA fragments of around 3.9 kb, 2.6 kb and 6.2 kb in size, 

respectively. The RAM cassette was visible as a band of a size of 900 bps, and the 

pMTL007C-E2 was visualized as a band around 8.9 kb large. Additionally, all 

C. acetobutylicum strains were PCR-checked for pSOL1 presence (Fig. 3.3.4).  
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Figure 3.3.4. Visualization of the integration of introns targeting the araK and xylB genes of 

C. acetobutylicum and C. saccharobutylicum and the representation of the clean deletion of the 

araK and xylB genes of C. acetobutylicum on 1% agarose gel. Cac, C. acetobutylicum; Csa, 

C. saccharobutylicum. For every mutant sample a control reaction was performed on wild type 

DNA using the same primer pair, and the products were shown in juxtaposition on the gel. For 

all C. acetobutylicum strains a special additional PCR check for pSOL1 presence was done, 

producing a band of around 1.2 kb, and exemplary RAM-primers PCR were made for 

C. saccharobutylicum ClosTron mutants. All primers used for the mutant check are listed in 

table 9.5. 
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Figure 3.3.5. Visualization of the Southern Blot showing the single integration event of the araK, 

xylB and pkt-targeting introns into the C. acetobutylicum and C. saccharobutylicum genomes. 

Two positive controls were performed, on an amplified RAM cassette (900 bps) for small-sized 

DNA molecules and on pMTL007C-E2 (8.9 kb) for large-sized DNA molecules. Cac, 

C. acetobutylicum; Csa, C. saccharobutylicum. The probe was designed to target the 900 bps 

long RAM cassette, present in each mutant DNA and on the pMTL007C-E2 plasmid. Restriction 

enzymes and band sizes are described in the text. 

 

3.3.2.4. Creation of pJL3 and pJL4 plasmids for the clean deletion of the araK and 

xylB genes of C. acetobutylicum 

 

The double clean deletion mutant C. acetobutylicum ΔaraKΔxylB was created 

using the pyrE-deficient strain, according to the principles described in Materials and 

Methods (section 2.5.4). To create left and right homology arms for the araK gene, the 

LHA araK fwd with LHA araK rev and RHA araK fwd with RHA araK rev primers 

were used respectively (Tab. 9.4). To amplify the whole cassette the LHA araK fwd and 

RHA araK rev primer pair was used, and the cleaned product was cloned into the 

pMTL-ME3 backbone using EcoRI and NcoI restrictases (Fig. 3.3.6 A). To amplify the 
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left and right homology arms for the xylB gene, the LHA xylB fwd with LHA xylB rev 

and RHA xylB fwd with RHA xylB rev primer pairs were used respectively (Tab. 9.4). 

The cassette was created using LHA xylB fwd and RHA xylB rev and cloned into the 

pMTL-ME3 plasmid backbone using EcoRI and XbaI restrictases (Fig. 3.3.6 B). The 

flanking regions (homology arms, HA) of genes of interest (GOI) were about 0.5 kb 

large, including the gene START and STOP codons. He correct cassettes were PCR-

checked and sequenced using pMTL-ME3 check fwd and rev primers (Tab. 9.4). First, 

the C. acetobutylicum ΔxylB mutant was created and then used as a basal strain for the 

araK gene removal to create the double mutant. The mutants were screened by PCR to 

isolate pure mutant culture (Fig. 3.3.2), using Cac araK clean deletion check and 

Cac xylB clean deletion check primer pairs. 

 

 

Figure 3.3.6. Schematic representation of the creation of (A) pJL3 and (B) pJL4 plasmids for 

the clean deletion of C. acetobutylicum araK and xylB, respectively. The structure of genome 
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regions neighboring the araK and xylB genes is shown and the homologous regions are 

indicated with solid black lines, along with the restriction enzymes used for cloning purposes. 

The backbone plasmid, pMTL-ME3, is shown above. The repL gene is an origin for replication 

for Gram-positive bacteria from pIM13 and the pyrE gene is a functional copy of the pyrE gene 

of C. sporogenes. 

 

 

3.3.2.5. Characterization of C. acetobutylicum ATCC 824 and C. saccharobutylicum 

NCP 262 araK and xylB mutants 

3.3.2.5.1. Clostridium acetobutylicum ClosTron and clean deletion mutants 

 

Clostridium acetobutylicum ATCC 824 has two operons, CAC1344 – CAC1349 

and CAC2610 – CAC2612, which were found to be upregulated in the presence of 

xylose (Grimmler et al., 2010). Previously both were annotated as xylose operons, 

however recent studies suggest the CAC1344 – CAC1349 group genes are involved 

rather in arabinose than xylose metabolism (Servinsky et al., 2012 and 2010). Both 

operons contain kinase genes; their impact on the pentose metabolism was investigated 

in this work. For this purpose intron mutants in xylB (CAC2612) and araK (CAC1344) 

genes were created. To study the behavior of mutants in both araK and xylB genes a 

clean deletion double mutant was created using the pyrE-deficient strain (Heap et al., 

2012). 

 

Hungate tests 

The ability of mutant strains to grow on glucose, fructose and ribose was tested in a 

hungate test and compared to the results obtained in the previous hungate experiment on 

the wild type strain. Both kinases are not known to be involved in the utilization of 

these particular monosaccharides, but since these sugars are important components of 

the plant-derived mass, it was necessary to investigate whether their metabolism would 

not be affected by araK or xylB disruption. In principle, the hungate growth test gives 

information on the ability of a strain to grow under given conditions, i.e. a particular 
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sugar supplementation of the medium. In all the tested C. acetobutylicum strains no 

visible growth malfunctions were observed. 

The next step was to examine the behavior of mutants on xylose. At the beginning of 

the project both investigated kinases were annotated as xylose metabolism-related 

genes, and previous study suggested the araK (CAC1344) gene encodes also a xylulose 

kinase and is under the catabolic repression of glucose (Grimmler et al., 2010). Only the 

C. acetobutylicum xylB::int mutant was incapable of growing on xylose and it was 

suspected that the presumed glucose catabolite repression in these conditions was too 

tight to allow the araK gene expression. Hence, no growth of xylB::int strain on xylose-

supplemented medium was observed. However, several genes of the first xylose operon 

(CAC1344 – CAC1349) were annotated as genes involved in arabinose metabolism; 

therefore there was a possibility the CAC1344 gene could not be directly involved in 

xylose utilization, which would result in no complementation of the effects of the xylB 

disruption by araK. To investigate this theory, an analogical hungate test with arabinose 

as the sole carbon source was done. As presumed, on the arabinose the araK::int mutant 

showed no growth, while the xylB::int grew undisturbed. 

The C. acetobutylicum ΔaraKΔxylB mutant, when tested in the hungate experiment, 

showed no growth on either arabinose or xylose. 

 

Batch culture tests 

Batch cultures as an experiment are much more accurate than hungate tests, and can 

produce quite detailed information about the strain phenotype under provided 

conditions. The mutant and wild type behavior was investigated in batch cultures, using 

glucose, xylose and arabinose as the main or sole carbon sources, in both rich and 

minimal media. From the rich medium cultures, samples for sugar consumption and 

fermentation profile analysis were collected, while the synthetic media were used 

mainly to precisely establish the growth profile of mutant strains. In the minimal media 

supplemented monosaccharide was the only carbon and energy source, which provided 

trustworthy and accurate information on the growth profile. For all batch cultures 

multiple repetitions were done and representative experiments were chosen for graphic 

representation. 
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To examine the behavior of mutants under different nutritional conditions several batch 

culture tests in rich and minimal mediums with glucose, arabinose and xylose as the 

sole carbon sources were prepared. For all the batch cultures the precultures were 

prepared in the medium supplemented with glucose, unless otherwise stated. Low 

amounts of glucose were introduced into the medium of the main cultures with inocula, 

which is an explanation for the initial growth of arabinose and xylose kinase mutants on 

arabinose and xylose respectively. The inoculation of the CGM medium with no sugar 

supplementation with precultures grown on CGM+glucose also resulted in a short initial 

growth of C. acetobutylicum wild type strain, which was inhibited when glucose was 

fully consumed (data not shown). 

Prior to investigation of the role of the araK gene in arabinose metabolism, the 

C. acetobutylicum araK::int mutant was investigated as a xylose kinase mutant. 

Therefore, the growth curves of WT, araK::int and xylB::int strains, cultivated in batch 

cultures with different concentrations of xylose in CGM medium, were compared in 

order to examine if various amounts of xylose added as a sole carbon source to the 

medium would reveal altered phenotypes of those strains. Five pentose concentrations: 

60 mM, 100 mM, 150 mM, 200 mM and 265 mM were tested and juxtaposed on one 

growth curve graph. Regardless of the xylose concentration, the growth curves were 

mostly comparable with the growth curve on standard CGM medium (333 mM xylose) 

during the exponential growth phase. Results are shown in figure 3.3.7. 

All subsequent experiments were conducted after the discovery of the role of the araK 

gene in arabinose metabolism, and therefore the araK::int mutant was investigated as an 

arabinose kinase disruptant. 
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Figure 3.3.7. Growth curves of (A) C. acetobutylicum WT, (B) araK::int and (C) xylB::int during 

the first 25 hours of the exponential growth phase. The CGM medium was supplemented with 

different xylose concentrations: 60 mM, 100 mM, 150 mM, 200 mM and 265 mM, and the 
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optical density values are presented in a decimal logarithm scale. All precultures were prepared 

in CGM medium supplemented with 5% of glucose, hence the initial growth of the xylB::int 

mutant. The results shown come from the representative experiment. The experiments were 

repeated three times, giving similar results. For each optical density measurement three 

technical replicates were made, as described in section 2.3. 

 

Next, the batch cultures in minimal medium (MM-MES), supplemented with 200 mM 

of three monosaccharides: glucose, xylose and arabinose, were prepared and the 

phenotypes of the wild type and mutant strains were compared. In these experiments all 

precultures were prepared in minimal medium supplemented with 6% glucose, hence 

the noticeable growth of the araK and xylB mutants at the beginning on arabinose and 

xylose respectively. The sugar concentrations of all the main cultures were analyzed and 

it was observed that when the glucose was fully consumed, the araK::int strain growth 

on arabinose was inhibited, and likewise the xylB::int growth on xylose. 

All mutants were able to grow on glucose with only a moderate disadvantage compared 

to the wild type (Fig. 3.3.9 A). The xylB::int mutant was incapable of growing on 

xylose, which would confirm the gene’s importance in xylose metabolism 

(Fig. 3.3.8 C), whereas the araK::int mutant was unable to grow on arabinose 

(Fig. 3.3.8 B). 

The C. acetobutylicum wild type is known to grow slower and less efficiently on xylose 

compared to glucose or arabinose (Servinsky et al., 2012; Ounine et al., 1983), and 

similar behavior is shown by the C. acetobutylicum araK::int mutant (Fig. 3.3.8 B). 

Additionally, as on glucose, the araK::int mutant grew worse on xylose compared to the 

WT. No such relationship was observed for the xylB::int mutant when compared to the 

wild type on arabinose (Fig. 3.3.9 C). Furthermore, this mutant grew alike on glucose 

and arabinose. As in hungate tests, the ΔaraKΔxylB mutant did not grow on either 

arabinose or xylose (Fig. 3.3.8 D). 
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Figure 3.3.8. Growth curves of the Clostridium acetobutylicum (A) wild type, (B) araK::int, 

(C) xylB::int and (D) ΔaraKΔxylB in batch cultures of the MM-MES medium supplemented with 

three different monosaccharides: glucose ( ), xylose ( ) or arabinose ( ) as sole carbon 

sources. All precultures were prepared in a glucose-supplemented medium. The results shown 

come from the representative experiment. The experiments were repeated at least three times, 

giving similar results; for each optical density measurement three technical replicates were 

made, as described in section 2.3. 
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Figure 3.3.9. Growth curves of the Clostridium acetobutylicum wild type ( ), araK::int ( ), 

xylB::int ( ) and ΔaraKΔxylB ( ) in batch cultures of the MM-MES medium supplemented with 

three different monosaccharides: (A) glucose, (B) xylose or (C) arabinose as sole carbon 

sources. All precultures were prepared in a glucose-supplemented medium. The results shown 

come from the representative experiment. The experiments were repeated at least three times, 

giving similar results; for each optical density measurement three technical replicates were 

made, as described in section 2.3. 

 

3.3.2.5.2. Clostridium saccharobutylicum araK and xylB ClosTron mutants 

 

Hungate tests 

The C. saccharobutylicum wild type and ClosTron mutant strains were tested in 

the same conditions as described in the section devoted to C. acetobutylicum. For all 

strains comparable growth curves in glucose, ribose and fructose-supplemented CGM 

medium were observed. As suspected, in hungates containing medium supplemented 

with xylose no growth of C. saccharobutylicum xylB::int was observed, and in the 
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arabinose-supplemented medium the araK::int mutant showed no growth, suggesting 

comparable gene functions in both the C. acetobutylicum and C. saccharobutylicum 

species. 

 

Batch culture tests 

The batch culture experiments were used to establish more detailed phenotypes of the 

C. saccharobutylicum mutant strains. In addition to the hungate tests, it was necessary 

to investigate all the strains more closely, and to describe similarities and differences 

between the C. saccharobutylicum and C. acetobutylicum mutants.  

 As in C. acetobutylicum, the wild type strain showed better growth on glucose in 

comparison to both ClosTron mutants (Fig. 3.3.11 A). The same observations were 

made for the two other sugars, xylose (Fig. 3.3.11 B) and arabinose (Fig. 3.3.11 C). In 

contrast to what is known for C. acetobutylicum (Fig. 3.3.8 A), no impaired growth of 

the C. saccharobutylicum wild type was observed on xylose when compared to 

arabinose (Fig. 3.3.10 A). The C. saccharobutylicum xylB::int mutant growth was 

inhibited in batch culture when xylose was the only carbon source (Fig. 3.3.10 B) as 

soon as the inoculum-derived glucose was fully consumed (data not shown), and 

analogical behavior was observed for the araK::int in arabinose-supplemented medium 

(Fig. 3.3.10 C). Both mutant strains grew as long as they had glucose in the medium and 

stopped growing when the hexose was completely consumed, similar to what has been 

observed for the C. acetobutylicum mutants. 
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Figure 3.3.10. Growth curves of the Clostridium saccharobutylicum (A) wild type, (B) araK::int 

and (C) xylB::int in batch cultures of the MM-MES medium supplemented with three different 

monosaccharides: glucose ( ), xylose ( ) or arabinose ( ) as sole carbon sources. All 

precultures were prepared in glucose-supplemented medium. The results shown come from the 

representative experiment. The experiments were repeated at least three times, giving similar 

results; for each optical density measurement three technical replicates were made, as 

described in section 2.3. 
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Figure 3.3.11. Growth curves of the Clostridium saccharobutylicum wild type ( ), araK::int        

( ) and xylB::int ( ) in batch cultures of the MM-MES medium supplemented with three 

different monosaccharides: (A) glucose, (B) xylose or (C) arabinose as sole carbon sources. All 

precultures were prepared in glucose-supplemented medium. The results shown come from the 

representative experiment. The experiments were repeated at least three times, giving similar 

results; for each optical density measurement three technical replicates were made, as 

described in section 2.3. 

 

3.3.2.5.3. Fermentation profile of the C. acetobutylicum xylB::int and araK::int 

strains 

 

To investigate the fermentation profile of the C. acetobutylicum mutant and wild 

type strains on the three different monosaccharides: glucose, xylose and arabinose, 200 

ml batch cultures in standard rich medium (CGM), supplemented with one of the sugars 

as a sole carbon source, were prepared. In the conventional recipe one liter of the 
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medium is supplemented with 50 g of a monosaccharide, giving 333 mM of xylose or 

arabinose and 278 mM of glucose. 

The amount of butanol produced by the C. acetobutylicum xylB::int on glucose 

(81.98 mM) was lower than that produced by the wild type (122.21 mM) and was 

comparable to the butanol production of WT on arabinose (106.35 mM). The AraK::int 

strain on glucose produced a significantly lower amount of butanol (28.33 mM), like the 

wild type strain on xylose (24.31 mM).The AraK::int strain showed a less efficient 

butanol production profile, regardless of the sugar used as a carbon source (12.89 mM 

butanol on xylose), whereas the xylB::int mutant was capable of fermenting both 

glucose and arabinose nearly as effective as the wild type strain (Fig. 3.3.12 A and B). 

In xylose-supplemented media low solvent and high acid concentrations at the end of 

the experiment were detected, which would suggest a less efficient acid uptake and 

lower solvent production rate. Among all the strains investigated during this experiment 

the araK::int mutant produced the lowest amounts of solvents, while the xylB::int 

mutant was able to ferment glucose and arabinose quite effectively, compared to the 

WT strain. The acetone and ethanol production of the wild type strain on arabinose was 

higher (101.50 mM and 17.79 mM, respectively) than on glucose (70.31 mM and 

14.50 mM). The same fermentation profile was shown by the xylB::int mutant, with 

53.58 mM acetone on glucose and 94.60 mM on arabinose, and 7.47 mM of ethanol on 

glucose and 19.45 mM on arabinose. 

C. acetobutylicum shows altered sugar metabolism patterns on glucose or xylose and 

arabinose, which could be indicated by the analysis of acetate and butyrate 

concentrations at the end of the fermentation experiment and calculation of the 

acetate:butyrate ratios (Servinsky et al., 2012). The C. acetobutylicum wild type 

produced 16.62 mM, 32.11 mM and 23.90 mM of acetate with 6.08 mM, 25.41 mM and 

3.44 mM of butyrate on glucose, xylose and arabinose, respectively. In samples of the 

C. saccharobutylicum xylB::int mutant, 9.33 mM of butyrate and 25.36 mM of acetate 

on glucose, with 3.55 mM of butyrate and 16.99 mM of acetate on arabinose, were 

detected. Measurements of acid production by the ClosTron mutant in the araK gene 

showed 26.51 mM butyrate and 28.26 mM acetate on glucose, and 30.09 mM of 

butyrate and 34.71 mM of acetate on xylose, in the samples collected at the end of the 

fermentation experiment. These results show different a acetate:butyrate ratio on 

arabinose and glucose or xylose (Fig. 3.3.12 B), which will be further discussed in the 
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Discussion section. A table with the exact values for acid and solvent production is 

attached to the Supplementary Data section (Tab. 9.8). 

 

 

 

 Glucose Xylose Arabinose 

 WT araK::int xylB::int WT araK::int WT xylB::int 

Total sugar consumed 

(S), mM 
231.64 192.64 223.19 104.25 97.41 310.57 234.61 

Total solvent and acid 

production (SA), mM 
229.72 101.42 177.71 96.78 86.73 252.98 231.77 

S:SA ratio (%) 99.17 52.65 79.62 92.83 89.03 81.45 98.79 

        

Butanol (%) 53.20 27.94 46.13 25.11 14.86 42.02 41.93 

Acetone (%) 30.61 15.81 30.15 12.13 7.66 40.12 40.82 

Ethanol (%) 6.31 2.26 4.2 3.33 2.75 7.03 8.39 

        

Ac:Bt ratio 2.73 1.07 2.71 1.26 1.15 6.95 4.79 

 

Figure 3.3.12. (A) Fermentation profile of the C. acetobutylicum wild type, araK::int and xylB::int 

mutant strains in CGM medium supplemented with 5% of monosaccharide; glucose (278 mM), 

xylose or arabinose (333 mM), measured by GC, as described in section 2.8.1. Samples were 

taken during solventogenic growth, 101 hours after inoculation. All precultures were prepared in 
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rich medium supplemented with the same sugar as the main culture, and results of the 

representative experiment are showed. (B) Total sugar consumption (S) compared to total 

solvent and acid production (SA) of the C. acetobutylicum WT, araK::int and xylB::int on 

glucose, xylose and arabinose. Amounts of butanol, acetone and ethanol produced are given as 

a percentage of the total solvent and acid production values (SA). Additionally, the 

acetate:butyrate ratios (Ac:Bt) were calculated for all strains on glucose, xylose and arabinose. 

The results shown come from the representative experiment. The experiments were repeated 

three times, giving similar results. 

 

 

Additionally to the batch culture and fermentation experiments, the sugar consumption 

profiles of the wild type and mutant strains were analyzed. To this end samples from 

batch cultures prepared for the fermentation experiments were used, and sugar 

concentrations were calculated using appropriate kits for D-glucose, D-xylose or 

L-arabinose detection (Megazyme, Ireland). Glucose and arabinose were relatively well 

consumed, and only traces remained in the medium at the end of the experiment 

(Fig. 3.3.13 A and C). Xylose, on the contrary, was poorly consumed (Fig. 3.3.13 B). In 

all mutant strains the uptake of sugars was worse than in the wild type strain. In order to 

determine the effectiveness of the wild type and mutant strains in fermentation of each 

of the sugars during the experiment, the ratio of acid and solvent production (SA) to 

total sugar consumption (S) was calculated (Fig. 3.3.12 B) and shown as percentage 

values. For all the strains the ratio was comparable (around 80 – 99%), except for the 

araK::int mutant on xylose (52.65%). Butanol, acetone and ethanol amounts were given 

as a percentage of the total solvent and acid production (SA) value. 

Differences in butanol, ethanol and acetone production between the cultures on glucose 

or xylose and arabinose were most probably the result of different metabolic pathways 

and will be discussed further. 

 

 

 

 



Results 

- 138 - 

 

 

 

 

 

 

 

 

 

 

 

 



Results 

- 139 - 

 

 

Figure 3.3.13. Graphic representation of the growth rate (OD600 ), pH values ( ) and sugar 

consumption ( ) of the C. acetobutylicum WT, araK::int and xylB::int strains on rich media 

supplemented with (A) glucose, (B) xylose and (C) arabinose. OD600 values are presented on a 

logarithmic scale, and detailed information is provided in the legends. The results shown come 

from the representative experiment. The experiments were repeated at least three times, giving 

similar results. Three technical replicates were made for each optical density and pH 

measurement, as described in section 2.3, and for each sugar concentration measurements, as 

described in section 2.8.2. 

 

 



Results 

- 140 - 

3.3.2.5.4. Promoter mapping of the araK and xylB genes of C. acetobutylicum 

ATCC 824 and C. saccharobutylicum NCP 262 

 

During the microarray analysis certain genes were observed to be expressed 

simultaneously under specific conditions (Grimmler et al., 2010). Three out of the four 

investigated xylulose genes were believed to be the first genes of their operons. 

Promoters were searched for using the RLM-RACE method and their regions were 

detected upstream of the C. acetobutylicum xylB, C. acetobutylicum araK and 

C. saccharobutylicum xylB genes (Fig. 3.3.14). Prior to the RLM-RACE experiment, 

the BPROM from Soft Berry (www.softberry.com), an algorithm designed to find 

bacterial promoters, was used to map the presumed promoter regions in silico. 

Expected sequences of -35 and -10 box, along with the number of bases between the 

promoter sequence and the START codon of the gene are given in figure 3.314. In 

C. acetobutylicum both kinases are the first genes of xylose and arabinose operons and 

in C. saccharobutylicum the kinase gene opens the xylose operon. The primers used to 

map the promoters in the RLM-RACE experiment are listed in table 9.7. 

 

 

 

Figure 3.3.14. Graphic representation of the promoter regions of the C. acetobutylicum 

arabinose and xylose operons and the C. saccharobutylicum xylose operon. Predicted -10box 
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and -35box sequences are shown along with the distance from the promoter to the START 

codon of the first gene of the operon. Gene numbers of the first gene of the operons are given 

on the left (NCBI for C. acetobutylicum and JGI for C. saccharobutylicum). A dotted line 

indicates more genes belonging to the operon and a solid line indicates the whole operon is 

shown. 

 

3.3.2.5.5. Complementation of araK and xylB gene disruption in mutants of 

C. acetobutylicum and C. saccharobutylicum  

 

To test whether it is possible to reverse the effect of the intron disruption of 

araK and xylB kinases, complementation plasmids bearing functional copies of 

disrupted genes were proposed. 

Two sets of complementation plasmids were designed – with wild type copies of the 

genes under clostridial strong and constitutive ferredoxin promoter (pfdx) or with an 

upstream region of around 300 bps, containing their own promoter sequences 

(Fig. 3.3.15), mapped previously (Fig. 3.3.14). Since the C. saccharobutylicum araK 

gene is located in the middle of the operon, the complementation plasmid for the 

C. saccharobutylicum araK::int mutant was designed only with ferredoxin promoter. In 

total, seven plasmids were designed to complement the C. acetobutylicum araK::int, 

C. acetobutylicum xylB::int, C. saccharobutylicum araK::int and 

C. saccharobutylicum xylB::int mutants. The complementation experiment would reveal 

whether it is possible to reverse the phenotype of the araK::int and xylB::int mutants, 

assuming no polar effects were caused by the intron integration events. 

This part of the work was done by Philipp Högel as a project for his B.Sc. thesis. 
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Figure 3.3.15. Schematic representation of the construction of pJL5, pJL6, pJL7 and pJL8 

plasmids, designed to complement mutations in C. acetobutylicum araK, xylB and 
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C. saccharobutylicum araK and xylB genes, respectively. Plasmids with pfdx promoter are 

presented on the left and plasmids with native promoters on the right, along with graphic 

presentation of the cassette construction and the plasmid used as a backbone, pMTL-ME6X, at 

the top. The creation of exemplary complementation cassettes is shown above, for the pJLX.1 

plasmids on the left, and pJLX.2 plasmids on the right. RepL, origin of replication for Gram-

positive bacteria. 

 

Plasmids with pfdx promoter: pJL5.1, pJL6.1, pJL7.1 and pJL8.1 

The CAC1344 and CAC2612 genes were amplified using pJL5.1 fwd with pJL5 rev and 

pJL6.1 fwd with pJL6 rev primers, respectively, to obtain cassettes containing the gene 

regions only (Fig. 3.3.15). The CSA00774 and CSA03335 genes were amplified using 

pJL7.1 fwd with pJL7 rev and pJL8.1 fwd with pJL8 revprimers, respectively. The 

amplified cassettes were cloned into the pMTL-ME6X plasmid backbone using an 

NdeI, NcoI enzyme pair to create a pJL5.1 and EcoRI, NheI enzyme pair for pJL6.1. For 

the creation of both pJL7.1 and pJL8.1 NdeI and NheI enzymes were used. PMTL-

ME6X (Tab. 2.2) bears a strong, constitutive clostridial promoter (pfdx,) upstream of the 

polylinker (multiple cloning site; Fig. 3.3.15). Correct clones were isolated and 

sequenced using ME6X check fwd and rev primers. All the primers used in this study 

are listed in table 9.6. 

 

Plasmids with native promoters – pJL5.2, pJL6.2 and pJL8.2 

CAC1344 and CAC2612 genes were amplified using pJL5.2 fwd with pJL5 rev and 

pJL6.2 fwd with pJL6 rev primer pairs, respectively, to obtain cassettes containing the 

gene sequences with their predicted promoter regions. The CSA03335 gene with its 

promoter region was amplified using the pJL8.2 fwd and pJL8 rev pair. Cleaned PCR 

products were cloned into the pMTL-ME6X plasmid backbone using the NotI, NcoI 

enzyme pair for pJL5.2 and the NotI, NheI enzyme pair for pJL6.2 and pJL8.2 plasmids. 

All the primers used in this study are listed in table 9.6. 

Correct complementation plasmids were introduced into the kinase mutants of either 

species, either by electroporation (C. acetobutylicum) or conjugation 

(C. saccharobutylicum). Colonies of the C. acetobutylicum araK::int – pJL5.1, 
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C. acetobutylicum xylB::int – pJL6.1, C. saccharobutylicum araK::int – pJL7.1 and 

C. saccharobutylicum xylB::int – pJL8.1 strains were obtained and their phenotypes 

were tested in the batch culture experiments. Since the araK and xylB genes were 

located under strong ferredoxin promoter, their expression should be uninterrupted and 

constitutive, sufficient to reverse the kinase disruption effect. To test this, 100 ml batch 

cultures in CGM medium were prepared, and the medium was supplemented with 

arabinose for the C. acetobutylicum araK::int and C. saccharobutylicum araK::int 

mutant strain or xylose for C. acetobutylicum xylB::int and 

C. saccharobutylicum xylB::int mutant strains.  

 

 

Figure 3.3.16. Growth curves of ClosTron mutants of C. acetobutylicum, the (A) araK::int and 

(B) xylB::int strains bearing the complementation plasmids. C. acetobutylicum araK::int was 

complemented with pJL5.1 and xylB::int with pJL6.1 plasmids. Both mutants showed active 

growth on sugar substrates. They were not able to ferment prior to the complementation due to 

the disruption of the kinases. The results shown come from the representative experiment. The 

experiments were repeated two times, giving similar results; for each optical density and pH 

measurement three technical replicates were made, as described in section 2.3.  

 

The phenotypes of the C. acetobutylicum araK::int and of xylB::int mutants were 

reversed by functional araK and xylB genes introduced on plasmids, respectively, and in 

batch cultures the growth of araK::int on arabinose and of xylB::int on xylose-

supplemented medium was observed. Both mutants were able to use either of the two 

pentoses as a sole carbon and energy source again (Fig. 3.3.16). However, the reversal 

of the mutant phenotypes was not observed for the C. saccharobutylicum ClosTron 
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mutants, and the reason behind this is not yet clear. Plasmids with putative promoters 

(pJLX.2) were not created during the work in the laboratory due to cloning problems. 

 

3.3.3. Diauxic growth of C. acetobutylicum ATCC 824 on D-glucose and 

L-arabinose mixture 

 

The diauxic growth profile on a mixture of sugars is caused by a phenomenon 

called carbon catabolite repression, and most often the glucose presence inhibits the 

expression of genes involved in the metabolism of other sugars (Servinsky et al., 2010; 

Tangney et al., 2003; Brückner et al., 2002; Saier et al., 1996). This phenomenon is 

present in C. acetobutylicum ATCC 824 on a xylose-glucose mixture (Grimmler et al., 

2010) and there was still some doubt whether similar dependence exists for the 

arabinose-glucose combination. Therefore, a batch culture experiment in a minimal 

MES medium with a mixture of 50 mM glucose and 150 mM arabinose as carbon 

sources was prepared and the growth and concentrations of both sugars were monitored 

every hour. At the beginning of the growth, in the early exponential growth phase, no 

changes in the arabinose concentrations were observed, while the glucose concentration 

in the medium quickly decreased.  

 

 

Figure 3.3.17. Diauxic growth curve of the C. acetobutylicum wild type strain in minimal MES 

medium, supplemented with 50 mM glucose and 150 mM arabinose. The black line with 
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diamonds indicates the growth curve (OD600 nm, right vertical axis). Sugar concentrations are 

shown as the line with inverted triangles for glucose and the line with squares for arabinose, 

both in mM (left vertical axis). The arrow indicates the presumable point of the switch between 

glucose and arabinose metabolism, with a short plateau phase. The results shown come from 

the representative experiment. The experiments were repeated three times, giving similar 

results; for each optical density and sugar concentration measurement three technical replicates 

were made, as described in section 2.3 and 2.8.2, respectively. 

 

A short growth inhibition was observed when the glucose was nearly completely 

consumed, after which changes in the arabinose concentrations were detected 

(Fig. 3.3.17). Arabinose concentrations decreased through the late exponential and the 

stationary phase of clostridial growth until the end of the experiment, 65 hours after the 

inoculation time. Precultures were prepared in MM-MES medium with 6% glucose. 

 

3.3.4. Investigation of the phosphoketolase role in the arabinose metabolism of 

Clostridium acetobutylicum ATCC 824 

3.3.4.1. Creation of the ClosTron mutant in phosphoketolase gene 

 

The phosphoketolase pathway is associated mainly with Bifidobacteria and 

heterofermentative lactic acid bacteria, but recent studies have shown that it is also used 

in some Clostridium species as a part of the arabinose metabolism pathway (Servinsky 

et al., 2012). Phosphoketolase (Pkt) was described as a bifunctional enzyme, capable of 

converting xylulose-5-P (X5P) and inorganic phosphate into glyceraldehyde-3-P (G3P) 

and acetyl-P or fructose-6-P (F6P) and inorganic phosphate into erythrose-4-P and 

acetyl-P (Servinsky et al., 2012). Out of the three solventogenic strains investigated in 

this study only C. acetobutylicum possesses the phosphoketolase gene. The pkt homolog 

has not been found in C. beijerinckii or C. saccharobutylicum, based on their genome 

analysis and the results of the BLAST and DELTA-BLAST experiments, with the 

genome of C. acetobutylicum used as a reference sequence. 

To test the impact and importance of phosphoketolase for arabinose metabolism two 

ClosTron mutants with the intron insertion in the front (C. acetobutylicum pkt::2int) and 
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rear part of the gene (C. acetobutylicum pkt::1int) were created, using the primers listed 

in table 9.3. First, the pkt::1int mutant was created, but since no major differences in its 

growth on arabinose were observed compared to the wild type, the second mutant, 

pkt::2int, was constructed (Fig. 3.3.18). Both mutants were checked with the PCR 

method using the pkt check fwd and rev primers (Tab. 9.5) and sequenced, and a single 

integration event in the pkt::2int strain was confirmed with the Southern Blot 

(Fig. 3.3.5). The Pkt::2int genomic DNA was digested with HindIII restrictase and the 

visible DNA fragment size is of 6.5 kb.  

 

 

 

Figure 3.3.18. Integration event of the pkt-targeting intron into the C. acetobutylicum genome. 

For pkt::1int the pkt check 1 primer pair was used, and for the pkt::2int mutant the pkt check 2 

primer pair was used, both producing a band of a size of around 2.45 kb. The PCR on the wild 

type genomic DNA was done using a pkt check 1 primer pair and produced a band of 352 bps. 

L, 1kb DNA ladder; WT, wild type DNA template. 
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3.3.4.2. Analysis of the arabinose fermentation profile of the phosphoketolase 

mutants 

 

Phosphoketolase is known to play a great part in the pentose fermentation in 

several organisms, by altering the carbon flow in pentose metabolism pathways 

(Servinsky et al., 2012; Papini et al., 2012 Xiao et al., 2011; Ohara et al., 2006; Bustos 

et al., 2005). To test whether and how disruption of the phosphoketolase gene would 

affect the arabinose fermentation in C. acetobutylicum, the growth profile of both 

mutants in a medium supplemented with 5% glucose or arabinose was investigated and 

compared with the wild type. Mutants grew similarly in the glucose-supplemented 

medium, yet not as efficiently as the wild type strain (Fig. 3.3.19 A). However, 

C. acetobutylicum pkt::1int and pkt::2int showed significant differences during their 

exponential growth phase on arabinose. The duplication time of both mutant strains was 

much higher than the duplication time of the wild type and the pkt::2int mutant showed 

impaired growth when compared to the C. acetobutylicum WT and pkt::1int strains, 

even though at the end of the experiment all cultures reached similar OD600 values 

(Fig. 3.3.19 A). This would suggest the disruption of the pkt gene resulted in an 

alteration of the monosaccharide metabolism, most probably from the phosphoketolase 

pathway to the pentose phosphate pathway. It was also proved that the pkt gene is not 

crucial for arabinose metabolism, and C. acetobutylicum is capable of fermenting this 

pentose in the absence of functional phosphoketolase. To investigate whether the WT 

on xylose and pkt::2int on arabinose would present similar growth profiles, an 

experiment in MM-MES medium supplemented with 5% xylose for the WT and 5% 

arabinose for pkt::2int and pkt::1int, additionally, was prepared. Rather significant 

differences between the growth curves of the mutant and wild type strains were 

observed in favor of those strains grown on arabinose (Fig. 3.3.19 B). 

The Pkt gene was believed to be expressed with two other genes – ribulose-5-phosphate 

-4-epimerase (araD) and L-arabinose isomerase (araA). In this study an approach to 

find the promoter sequence using the RLM-RACE method was made and a promoter 

region upstream of the araD was detected (Fig. 3.3.19 D). Both -35 and -10 box 

sequences were predicted using the BPROM algorithm (SoftBerry) in silico and are 

shown along with the number of nucleotides between the promoter region and the 
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START sequence in the graphic (Fig. 3.3.19 D). The primers used to map the promoter 

in the RLM-RACE experiment are listed in table 9.7. 

 

 

 

Figure 3.3.19. Growth curves showing the exponential growth phase of the C. acetobutylicum 

wild type ( ), pkt::1int ( ) and pkt::2int ( ) on (A) MM-MES medium supplemented with 

glucose and (B) and MM-MES medium supplemented with arabinose only. (C) Comparison of 

the growth curves of the pkt::2int mutant strain on MM-MES medium supplemented with 200 

mM arabinose ( ) and 200 mM xylose ( ) during the exponential phase of growth. (D) 

Prediction of the promoter sequence of the phosphoketolase-containing operon, located 

upstream of the araD gene (CAC1341). Predicted -10box and -35box sequences are shown 

along with the distance from the promoter to the START codon of the first gene of the operon. 

The growth curve results shown in this figure come from the representative experiment. The 

experiments were repeated at least three times, giving similar results; for each optical density 

measurement three technical replicates were made, as described in section 2.3. 
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3.4. Continuous fermentation of C. acetobutylicum ATCC 824 in xylose-

supplemented, phosphate-limited medium 

 

A genome-wide transcriptional analysis of the phosphate-limited culture 

provides information on the regulation of multiple genes during two tightly controlled 

growth phases – acidogenesis and solventogenesis, and the transition between both, 

separating solvent production from sporulation. The advantage of this method, 

compared to a pH-controlled batch fermentation, is the possibility of maintaining a 

constant growth rate with the undisrupted inflow of nutrients and outflow of metabolic 

products secreting to the medium. The gene expression profile of the wild type 

C. acetobutylicum ATCC 824 strain was examined during acidogenic and solventogenic 

growth, as well as during the switch between acidogenesis and solventogenesis in the 

continuous culture on a xylose-supplemented, phosphate-limited medium, and the genes 

regulated during this experiment were analyzed and described as in the previous work 

on glucose (Grimmler et al., 2011). Two independent experiments were conducted and 

the results obtained in both were compared. For closer analysis one of them was chosen 

as a representative experiment and the other was considered a control. In this part their 

fermentation, the growth and xylose consumption profiles are shown, and furthermore 

the genes expressed or inhibited during the entire continuous culture experiment are 

divided into four groups and analyzed.  

 

3.4.1. The phenotype of C. acetobutylicum wild type strain in phosphate-limited, 

xylose-supplemented continuous culture 

 

Two continuous culture experiments were conducted for the purpose of this 

work. The first one was treated as a representative experiment, and the second as a 

control. 

In the first, representative experiment all spores were washed out after 72 h and the 

culture entered steady acidogenic growth 96 h after the inoculation of the fermentor, 

exhibiting typical butyric acid fermentation, with 10.68 mM of acetate and 77.78 mM of 

butyrate detected. A stable pH of 5.7 was maintained by the constant addition of 2 M 

KOH, which after 144 h was discontinued; the pH values decreased to 4.5 in 19 h and 
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45 min, and the culture entered steady-state solventogenic growth 216 h after the 

inoculation time. During solventogenesis the culture produced 30.15 mM of butanol and 

22.32 mM of acetone (Fig. 3.4.1 I B), and these results are comparable with what was 

observed in the culture grown on glucose (Grimmler et al., 2010). The concentrations of 

ethanol were nearly unchanged during the entire continuous culture experiment: 

4.13 mM during acidogenesis (pH 5.7) and 4.48 mM during solventogenesis (pH 4.5), 

as observed previously (Grimmler et al., 2010).  

In the second, control experiment, spores were washed out after 72 h and steady-state 

acidogenic growth was also observed starting 72 h after the inoculation time. During the 

butyric acid fermentation 42.28 mM of acetate and 61.26 mM of butyrate were detected 

in the medium. The transition from acidogenesis to solventogenesis was initiated after 

137 h and lasted for 23 h and 15 min. Steady-state solventogenic growth was reached 

after 212 h. In the second culture higher butanol production (44.51 mM) and generally 

higher amounts of other solvents, with 25.94 mM of acetone and 7.69 mM of ethanol 

were observed during solventogenesis (Fig. 3.4.1 II B). The concentrations of ethanol, 

as observed in the first experiment, remained nearly unchanged during the experiment 

(5.19 mM at pH 5.6 and 7.69 mM at pH 4.5). In both cultures the highest concentrations 

of solvents were observed during the last shift (pH 4.5) of the transition from 

acidogenesis to solventogenesis (Fig. 3.4.1. I and II B). 

The xylose concentration increased in both cultures during the transition phase between 

acidogenesis and solventogenesis, and the changes correlated with the decrease in the 

optical density values in each culture (Fig. 3.4.1 I and II A). Changes in the xylose 

consumption were also correlated with rising amounts of butanol, which is known to 

inhibit xylose uptake (Ounine et al., 1985). Detailed information on the growth, xylose 

consumption and fermentation profile of the representative experiment is given in the 

Supplementary Data section (Tab. 9.9). 

Furthermore, the expression profile of the genes regulated during acidogenesis and 

solventogenesis and the transition between both states were examined and compared 

with the results obtained for the glucose-supplemented culture (Grimmler et al., 2010) 

and other published microarray experiments.  
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Figure 3.4.1. Growth, xylose consumption and fermentation profile of the first (I) and second (II) 

phosphate-limited continuous culture of the wild type C. acetobutylicum strain. (A) Xylose 

concentrations in the supernatant ( ), OD600 ( ) and pH ( ) values of steady-state 

acidogenic growth, the transition from acidogenesis to solventogenesis and the steady-state 

solventogenic growth are shown. (B) The concentrations of the fermentation products, namely 

ethanol, butanol, acetone, acetate and butyrate measured during the entire continuous culture 

experiment are shown as a bar chart, with a solid line indicating the pH changes ( ).Three 
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technical replicates were made for each optical density and pH measurement, as described in 

section 2.3, and for each xylose concentration measurements, as described in section 2.8.2. 

3.4.2. Transcriptional analysis of the xylose-supplemented continuous culture 

 

Transcriptional analysis of the genes regulated during the continuous culture 

experiment give detailed information on the metabolism of the cell during acidogenesis, 

solventogenesis and the shift from acid to solvent production. In this work two 

independent experiments were conducted, and the data from both were analyzed. Based 

on the quality and the amount of data obtained from both microarray experiments, the 

first experiment was treated as representative and further described, while the second 

one was treated as a control.  

Samples from the acidogenesis (A; pH 5.7) and solventogenesis (S; pH 4.5), as well as 

from each pH shift (pH 5.5; 5.2; 4.9; 4.7 and 4.5) of the switch between both steady-

state growth phases (Fig. 3.4.2) were collected. A Sample from steady solventogenic 

growth (S) was used as a reference, and the results of this analysis are shown below. 

All the data were divided into four groups – the first one would collect all the genes 

upregulated during the acidogenesis and the second all the genes upregulated during 

solventogenesis. However, some of the genes remained non-regulated during steady 

growth, but their expression differed through the metabolic shift. Therefore the third 

group, collecting the genes upregulated during the transition phase, and the fourth 

group, which gathers genes inhibited through the switch between acidogenesis and 

solventogenesis, were created. During the analysis of the data some of the groups of 

genes were observed to be highly upregulated, while the others were strongly 

downregulated. For the discussion certain groups of genes were chosen based on the 

expression pattern and the data that have been previously published. 
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Figure 3.4.2. During the entire continuous culture experiment seven time points were chosen to 

collect samples for microarray experiments and are marked on the graph by arrows. The first 

sample was collected during the acidogenesis (A; pH 5.7), the following samples during the shift 

from the acid to solvent production (pH 5.5 – pH 4.5) and the last, used as a reference sample, 

was taken during solventogenesis (R; pH 4.5), as indicated on the graph. 

 

3.4.2.1. Genes significantly upregulated during steady-state acidogenic growth 

(group 1) 

 

The first group includes 141 genes induced during the acidogenesis. Among 

them several gene clusters were observed to be strongly upregulated. Two 

uncharacterized proteins were annotated as orthologs of the ygaT (CAP0036) and ygaS 

(CAP0037) genes of Bacillus subtilis. Both genes were upregulated during the 

acidogenesis and the metabolic switch, but downregulated during solventogenesis. 

Genes coding for the periplasmic hydrogenase small subunit mbhs (CAP0141) and the 

large subunit mbhl (CAP0142), and the hydrogenase maturation protease delta subunit, 

HyaD-like (CAP0143) were also found to be highly upregulated during steady-state 

acidogenic growth and the switch between acidogenesis and solventogenesis. Products 

of the mbhs and mbhl genes are involved in hydrogen uptake, which may contribute to a 

more balanced NADP(H) metabolism, needed for butanol production (Hu et al., 2011). 
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Furthermore, the genes involved in carbohydrate transport and metabolism (CAC0662 – 

CAC0668), including the ABC-type sugar transporters and sugar permeases, were 

highly upregulated during acidogenesis and the beginning of the transition phase 

between both steady-state growths (at pH 5.5). When the pH decreased the expression 

of the genes became more inhibited. ABC transporters are present among multiple 

species of bacteria and are used for the ATP-related transport of different substrates 

such as ions, sugars, lipids, proteins, etc. The uptake of pentoses is believed to be 

directed through the ATP-binding cassettes (Servinsky et al., 2010) and the expression 

pattern of the CAC0662 – CAC0668 genes correlated with xylose consumption rates 

during the entire continuous culture. Along with the genes involved in carbohydrate 

transport, three genes involved in sucrose and glycogen metabolism, the glgC 

glucose-1-phosphate adenylyltransferase (CAC2237), the glgC ADP-glucose 

pyrophosphorylase (CAC2238) and glgA glycogen synthase (CAC2239) were 

upregulated during the steady-state acidogenic growth. A similar regulation pattern was 

characteristic for the glgP gene (CAC1664), coding for glycogen phosphorylase. 

Additionally, genes encoding the glycosyltransferases were found to be upregulated 

during acidogenesis and the transition to solventogenesis. CAC2345, CAC2346, 

CAC2350 and CAC2351, annotated as the genes of polysaccharide metabolism, 

involved in the cell wall biogenesis, were also upregulated during steady-state 

acidogenic growth. Apart from the genes of carbohydrate metabolism, two genes 

involved in amino acid transport and metabolism, CAC0014 and CAC0015, were found 

to be strongly upregulated during steady-state acidogenic growth and during most pH 

shifts of the transition from acidogenesis to solventogenesis. 

In the first experiment multiple sporulation genes were observed to be upregulated 

during acidogenesis and the shift from acid to solvent production. Among these genes 

several groups were determined, including CAC1336 – CAC1338 (hypothetical protein, 

spore coat protein COTJB and spore coat protein COTJC); CAC1694 – CAC1697 

(sigma factor E processing enzyme SpoIIGA, SigE sporulation sigma factor, SigG 

sporulation sigma factor and uncharacterized conserved protein – YMXH B. subtilis 

homolog) and CAC2086 – CAC2093, consisting of stage III sporulation proteins 

(SpoIIIAH, SpoIIIAG, SpoIIIAF, SpoIII AE, SpoIII AD, SpoIIIAC, SpoAB, 

SpoIIIAA). The SpoIIID-coding gene (CAC2859) was significantly upregulated during 

acidogenesis and the transition to solventogenesis. A similar pattern was presented by a 
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large cluster of genes annotated as possibly involved in cell envelope and outer 

membrane biogenesis (CAC2345 – CAC2350). 

Among the genes belonging to the first group, a big cluster of genes (CAC2576 – 

CAC2581) was positively regulated during acidogenesis and the transition to 

solventogenesis. It is composed of the 6-pyruvoyl-tetrahydropterin synthase-related 

protein, GGDEF-domain-containing protein (inactivated), glycosyltransferase, 

hypothetical protein, hypothetical protein (CF-41 family) and conserved 

6-pyruvoyl-tetrahydropterin synthase-related domain, and all these genes encode key 

molecules, involved in essential processes of the cell (Zhang et al., 2012; Haft et al., 

2012; Reader et al., 2004). 

 

3.4.2.2. Genes significantly upregulated during steady-state solventogenic growth 

(group 2) 

 

The second group consists of 95 genes upregulated during steady-state 

solventogenic growth. Here, several genes located on the pSOL1 plasmid were 

identified. A part of a sol-operon, namely aldehyde dehydrogenase (aad, CAP0162), the 

butyrate-acetoacetate CoA-transferase subunit A (ctfA, CAP0163) and butyrate-

acetoacetate CoA-transferase subunit B (ctfB, CAP0164) was upregulated during 

solventogenesis only. The genes were strongly inhibited during acidogenesis and 

became induced when the pH of the continuous culture decreased to pH 5.2. The 

acetoacetate decarboxylase (adc, CAP0165) gene was observed to be non-regulated 

during steady-state acidogenic or solventogenic growth, but strongly induced during the 

transition phase between both growth states.  

Furthermore, the genes involved in carbohydrate transport and metabolism were 

positively regulated during solventogenesis. The xylanase, glycosyl hydrolase family 

(xynb, CAP0053), xylanase/chitin deacetylase family enzyme (CAP0054) and secreted 

pectate lyase from the polysaccharide lyase family (pell, CAP0056) were upregulated 

during steady solventogenic growth, but inhibited at the beginning of the transition from 

acidogenesis to solventogenesis. A similar regulation pattern was observed for single 

predicted xylanase/chitin deacetylase-encoding genes (CAC2383, CAC2396 and 
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CAC3017) and pectate lyase genes (CAC0574, CAC1968 and CAC3387). Two other 

genes were observed to be upregulated only during solventogenesis, and inhibited 

during steady-state acidogenic growth and metabolic switch: the glycerol-3-phosphate 

dehydrogenase (glpA, CC1322) is involved in glycerophospholipid metabolism and the 

galactokinase (galK, CAC2959) takes part in carbohydrate metabolic pathways. 

Additionally, a large group of genes supposed to be involved in cellulose degradation 

was observed to be strongly inhibited during acidogenesis; the inhibition decreased 

during the pH shift and the genes were upregulated in steady-state solventogenic 

growth. The CAC0910 – CAC0920 cluster codes mostly for cel genes, and is composed 

of a cellulosomal scaffolding protein precursor, possible processive endoglucanase 

family 48 (CelF ortholog), possible non-processive endoglucanase family 5 (CelA 

homolog), possible non-processive endoglucanase family 9 (CelG ortholog), a 

cellulosome integrating cohesin-containing protein, cellulase A, CelG ortholog, 

cellulose-binding endoglucanase family 9 (CelL), possible non-processive 

endoglucanase family 5 (mannose A ortholog), secreted sialidase and a protein related 

to the MIFH/DOPD protein family of unknown function. The CelE cellulase ortholog, 

dockerin domain (CAC0561) and two endoglucanase genes (CAC0826 and CAC3469) 

were regulated in a similar manner to the cellulosome operon. These genes of 

C. acetobutylicum, supposedly involved in cellulose degradation process were described 

and analyzed previously (Grimmler et al., 2011; López-Contreras, 2003 and 2004). 

Interestingly, three genes coding for uncharacterized, small conserved proteins 

(CAC0410, CAC0411 and CAC0413) were detected to be downregulated during 

steady-state acidogenic growth and nearly the entire transition from acidogenesis to 

solventogenesis. They are annotated as homologs of YUKE/YFJA proteins, and belong 

to the WXG100 family, present among Gram-positive species. Studies suggest they are 

related to a secretion system (Garufi et al., 2008). A similar regulation pattern was 

observed for the genes of the CAC3710 – CAC3713 cluster, bringing together an 

uncharacterized protein – a YUKC Bacillus subtilis homolog, two hypothetical proteins 

and another uncharacterized conserved protein of the YUKE/YFJA B. subtilis family. 

Furthermore, the second group includes also a small operon, CAC2392 – CAC2393, 

encoding two uncharacterized ATPase components of an ABC transporter, involved in 

ATP catabolic process. Both genes were strongly downregulated during acidogenesis 
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and the majority of the transition to solventogenesis, but they became induced during 

steady-state solventogenic growth.  

 

 

3.4.2.3. Genes significantly upregulated during the transition from acidogenesis to 

solventogenesis (group 3) 

 

In this group 227 genes, upregulated during the transition from acidogenesis to 

solventogenesis, but non-regulated during steady growth states, were collected.  

Two genes, pyruvate decarboxylase (pdc, CAP0025) and a hypothetical protein 

(CAP0026) were upregulated during the transition from acidogenesis to solventogenesis 

at pH values of between 5.2 and 4.9. Furthermore, positive regulation of thiolase B, thlB 

(CAP0078), and the transcriptional regulator thlR (CAP0079), was observed. They were 

non-regulated during acidogenesis and their expression was induced during the 

metabolic switch at pH values of 5.2 – 4.7. An identical regulation pattern was observed 

for acetoacetate decarboxylase (adc, CAP00165) and a predicted acetyltransferase 

(CAC2468). 

During the shift from acidogenesis to solventogenesis, the genes involved in aromatic 

amino acid biosynthesis were noticed to be positively regulated, among them 

3-deoxy-7-phosphoheptulonate synthase, prephenate dehydrogenase and aroBACFK 

genes (CAC0892 – CAC0898). The aro genes are involved in the shikimate pathway 

synthesis of aromatic amino acids, namely phenylalanine, tyrosine and tryptophan. The 

TrpABFCD (CAC3157 – CAC3161) operon was also found to be strongly upregulated 

during the transition from acidogenesis to solventogenesis. Similar regulation was 

shown for the pflBA genes (CAC0980 – CAC0981), coding for pyruvate-formate lyase. 

Pyruvate-formate lyase from C. acetobutylicum was recently identified as a biosynthetic 

enzyme for purine biosynthesis in our laboratory (Hönicke, personal). 

Furthermore, group 3 includes genes involved in purine (purECFMNHD, CAC1390 – 

CAC1396) and pyrimidine (pyrDZFIB, CAC2650 – CAC2654) metabolism. In 

addition, thioredoxin reductase, trxB (CAC1548), was strongly upregulated during the 
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transition from acidogenesis to solventogenesis, along with two neighboring genes, 

thioredoxin (trxA, CAC1547) and glutathione peroxidase (bsaA, CAC1549).  

Genes involved in hyperosmosis and the heat shock response of C. acetobutylicum 

(CAC1280 – CAC1283) were found to be upregulated during the metabolic switch, and 

downregulated at the end of the transition to solventogenesis. The GroEL/ES (CAC2703 

– CAC2704) operon and molecular chaperone (CAC3714) gene were similarly 

regulated, while the htpG heat shock protein gene was found to be non-regulated during 

the majority of the switch from acidogenesis to solventogenesis, but downregulated at 

its last pH shift (pH 4.5). 

 

3.4.2.4. Genes significantly downregulated during the transition from acidogenesis 

to solventogenesis (group 4) 

 

In this group 24 genes significantly downregulated during the switch between 

acidogenesis and solventogenesis, but non-regulated during both of the steady-state 

growth phases, were collected. 

Among these genes a large cluster of genes involved in xylan degradation (CAP0114 – 

CAP0120) composed of a possible beta-xylosidase, XynD (endo-1,4-beta-xylanase), 

xylanase, possible beta-xylosidase and three possible xylan degradation enzymes, was 

identified. Although the CAP0114 – CAP0120 genes became upregulated at the last pH 

shift (pH 4.5), they were downregulated during nearly the entire switch from 

acidogenesis to solventogenesis, and therefore described as belonging to the fourth 

group. An uncharacterized conserved membrane protein (CAC0193) and 

glycosyltransferase (CAC0194) were strongly downregulated during the entire 

transition from acidogenesis to solventogenesis. Both genes are annotated as involved in 

cell wall biosynthesis. Moreover, the ugpAEB genes (CAC0427 – CAC0429) coding for 

sn-glycerol-3-phosphate ABC transporters were strongly downregulated during the 

majority of the metabolic switch. 

Additionally, the argCJ genes (CAC2390 – CAC2391), involved in arginine 

biosynthesis, were downregulated during the entire metabolic shift from acid to solvent 

production. 
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Aconitase (citB, CAC0971) and isocitrate dehydrogenase (citC, CAC0972) were 

strongly inhibited during the transition from acidogenesis to solventogenesis (at pH 5.2 

– 4.7). Like other strictly anaerobic organisms, C. acetobutylicum contains a bifurcated 

TCA cycle (Crown et al., 2011; Amador-Noguez et al., 2010). A similar regulation 

pattern is shown by isopropylmalate synthase (CAC0970). The protein contains 

conserved domains described as involved in isopropylmalate/homocitrate/citramalate 

synthesis (Marchler-Bauer et al., 2013). 

Furthermore, a strong inhibition of the operon composed of the arsE-family 

transcriptional regulator, the probable arsenical resistance operon repressor, and the 

cation transport P-type ATPase (CAC2242 – CAC2241) was observed during nearly the 

entire transition from acidogenesis to solventogenesis. The CAC2241 gene contains a 

heavy-metal associated domain and the whole operon is believed to take part in the 

heavy metal ion resistance mechanism.  

 

Transcriptional regulations of the chosen genes and gene clusters responsible for acid 

and solvent production, cellulosome formation, sporulation cascade, sugar, amino acis 

and fatty acid metabolism from all four groups were further discussed and compared 

with the data from previous transcriptional experiments in the Discussion, section.4.4  

 

3.5. The analysis of the Rnf system in Clostridium beijerinckii NCIMB 8052 

3.5.1. The Clostron rnfC mutant creation 

 

Although most of this work focused on the solvent production related to pentose 

metabolism, the investigation of the Rnf complex of C. beijerinckii could give very 

interesting insights into the energy metabolism of the microorganism. Energy 

metabolism is strongly linked to sugar uptake and utilization pathways. For example, 

the glycolysis and gluconeogenesis pathways of C. beijerinckii bring together genes 

responsible not only for direct sugar molecule conversion, but also for ATP and NAD
+
-

NADH production and the maintenance of the transmembrane ion gradient. 

C. beijerinckii, like C. saccharobutylicum, possesses the Rnf complex (Poehlein et al., 
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2013) responsible for the ferrodoxin-dependant reduction of NAD
+
, which generates a 

transmembrane proton gradient. NAD
+
 was regarded as a universally used electron 

donor in classic bioenergetics, but, in anaerobes, ferredoxin is widely used as a more 

electronegative electron carrier. The Rnf complex is present among many Gram-

positive bacteria (Tremblay et al., 2012; Wang Y et al., 2013 a; Biegel et al., 2009; 

Müller et al., 2008), and was described as playing an important role in nitrogen fixation 

and energy metabolism. It was first discovered in Rhodobacter capsulatus (Schmehl et 

al., 1993; Jouanneau et al., 1998) and has been described and investigated in multiple 

organisms since then (Tremblay et al., 2012; Sarkar et al., 2012; Biegel et al., 2011; 

Biegel & Müller, 2010; Dixon & Kahn, 2004). In C. beijerinckii NCIMB 8052, the 

RnfABCDGE complex is located in one operon, CBEI2449 – CBEI2454 (Fig. 3.5.1), 

therefore to disrupt the whole complex, a ClosTron mutant was created in the first gene 

of the operon, the rnfC (CBEI2449). To this end the pMTL007S-E2::CBEI2449-

783|784s plasmid was designed and created as described in section 2.5.2 of Materials 

and Methods. Correct mutants were isolated based on the PCR check on the DNA 

template isolated from the fastest growing colonies using the rnfC check fwd and rev 

primers (Tab. 9.5) and one integration event was confirmed with Southern Blot 

(Fig. 3.5.2). For the blotting procedure mutant genomic DNA was digested with HindIII 

and EcoRV restrictases overnight and should produce a band of around 6450 bps size. 

In this particular Southern Blot experiment the standard NEB 1kb ladder (New England 

Biolabs) was used instead of the biotinylated 2-Log DNA Ladder (New England 

Biolabs). 

 

 

Figure 3.5.1. Schematic structure of the Rnf complex gene cluster. The RnfC gene 

(RnfABCDGE type electron transport complex subunit C) is the first of the operon, followed by 

the rnfD (subunit D), rnfG (subunit G), rnfE (subunit E), rnfA (subunit A) and rnfB (subunit B) 

subunits. Gene numbers are shown according to the NCBI database. 
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Figure 3.5.2. (A) Integration of the rnfC-targeting intron into the C. beijerinckii genome. Correct 

integration of the intron was determined by the PCR reaction. The wild type strain produced a 

band of 1379 bps, while the rnfC::int mutant produced a band of around 3479 bps. (B) A single 

integration event of the rnfC-targeting intron was proved with the Southern Blot on the HindIII, 

EcoRV-digested rnfC::int mutant DNA. L, DNA 1kb Ladder. The band produced by mutant DNA 

is indicated with an arrow; the band above is an unspecific artifact and is present also in both 

empty lanes, between the marker and rnfC::int lane. 

 

3.5.2. Determination of the phenotype of the C. beijerinckii rnfC::int mutant in 

standard conditions 

 

The aim of this part of the study was to examine whether disruption of the first 

gene of the Rnf complex would affect the phenotype of C. beijerinckii in standard 

growth conditions. The whole Rnf complex is bound to the membrane, and previous 

studies have shown that mutants in various parts of the rnfABCDGE operon result in a 

non-functional Rnf system (Schmehl et al., 1993; Jouanneau et al., 1998). In 

C. beijerinckii NCIMB 8052, the rnfC gene opens the rnfABCDGE operon, and 

therefore its disruption should affect the whole system, as it is believed its stability is 
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strongly dependent on the co-synthesis of all subunits (Kumagai et al., 1997). The RnfC 

subunit is thought to be a soluble, 4[Fe-S]–containing protein and is characterized as 

associated with the membrane (Schmehl et al., 1993). In mutants with insertions in 

genes downstream of rnfC, lower amounts of the RnfC protein were detectable, and in 

rnfA, rnfB or rnfC mutants no RnfC peptide was detected, probably due to a polar 

effect. Mutations resulted in the disruption of the whole complex, which often affects 

the general metabolism of the strain (Jouanneau et al., 1998). It is already known that 

the Rnf complex of Clostridium ljunghdalii is active under both heterotrophic and 

autotrophic growth conditions, and that its disruption abolishes autotrophic growth of 

the strain and that the C. ljunghdalii rnfAB mutant shows greatly disproportionate 

growth in rich medium during heterotrophic growth, compared to the wild type 

(Tremblay et al., 2012).  

Growth profile tests prepared in the batch cultures based on the rich RCM medium 

revealed no detectable differences in the efficiency of growth or in the pH changes 

between the C. beijerinckii wild type and the rnfC::int mutant. Additionally, the rates of 

glucose consumption in both strains were examined (Fig 3.5.3 A) in the RCM with 10 

g/l glucose supplementation. The results of one, representative experiment are shown 

below (Fig. 3.5.3 B). 
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Figure 3.5.3. Representation of growth, pH changes and glucose consumption curves in batch 

culture experiments on the C. beijerinckii wild type ( ) and rnfC::int ( ) mutant strain. (A) A 

comparison of the growth curve (OD600 nm, dotted line) and pH values (solid line) is shown with 

(B) a comparison of the growth curve (OD600 nm, dotted line) and glucose consumption profile 

(solid line) in both strains. The growth curve results shown in this figure come from the 

representative experiment. The experiments were repeated three times, giving similar results; 

three technical replicates were made for each optical density and pH measurement, as 

described in section 2.3, and for each glucose concentration measurements, as described in 

section 2.8.2. 

 

 

Both wild type and rnfC::int mutant strains were able to grow to similar OD values and 

both reached the same pH values after 103 hours of cultivation. The amounts of glucose 

that remained in the medium were also comparable. It is therefore possible the Rnf 

complex is not constitutively active in C. beijerinckii, in contrast to what has been 

observed for C. ljunghdalii. 
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4. Discussion 

4.1. The upp-based clean deletion system 

 

Genetic manipulations of clostridia give a broad spectrum of possibilities for the 

investigation and improvement of solventogenic strains. Although intron mutagenesis 

systems (ClosTron, TargeTron) have been created and proved to be very efficient in 

many Clostridium species (Wang Y et al., 2013 b; Heap et al., 2010; Heap et al., 2009; 

Yao & Lambowitz, 2007), there is still a great need for a clean deletion and insertion 

system. 

Markerless mutagenesis systems based on the activity of various 

phosphoribosyltransferases (PRTases) have been established for many prokaryotic 

organisms. They were proved to be applicable in various Gram-negative and Gram-

positive bacteria as well as in archeons (Kristich et al., 2005; Bitan-Banin et al., 2003; 

Fabret et al., 2002; Peck et al., 2000), and they all are based on a common PRTases 

feature, which is the conversion of modified purines and pyrimidines into their toxic 

base analogues (Results, 3.1). An upp-based approach for C. acetobutylicum was 

adapted from B. subtilis (Fabret et al., 2002) and patented (Soucaille, Figge & Croux, 

2008), while similar pyrE-based systems have been successfully applied in many other 

clostridia (Ng et al., 2013; Tripathi et al., 2010; Ehsaan, PhD thesis, 2013).  

To broaden the spectrum of genetic tools fully available for C. acetobutylicum the upp-

based system for allelic exchange mutagenesis (ACE) was designed. Several plasmids 

were constructed to remove the upp gene (CAC2879), using different replicative 

plasmid backbones and multiple variants of the deletion cassettes and various conditions 

were tested to increase the odds of a recombination event. Non-replicative (suicidal) 

plasmids were used previously and resulted in pta, buk and aad mutant creation (Green 

et al., 1996; Green & Bennett, 1996), however they proved to be inefficient in 

C. acetobutylicum for the deletion of certain genes, the upp among them (Krauße, PhD 

thesis, 2012). Allelic exchange mutagenesis is based on a phenomenon common to all 

living organisms, called homologous recombination. 

Homologous recombination plays the role of a major DNA repair process in bacteria, 

but can also serve as a way to increase genetic variation during the process of horizontal 
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gene transfer. The whole process, although well described in model organisms, still 

remains poorly known in many species (Wigley, 2013; Blackwood et al., 2013; 

Karpenshif et al., 2012). In general, when two DNA molecules sharing a common DNA 

sequence (the ‘homologous region’) are present in the same cell, they may recombine 

via a Campbell-like mechanism to form a single molecule. When this principle is 

applied to the genomic DNA and plasmid DNA, the plasmid would integrate into the 

genome in a process called the first recombination. This DNA molecule is very unstable 

under certain conditions and a second recombination event normally occurs. A second 

recombination would result in the excision of the plasmid and either mutant creation 

through the allelic exchange, or reversion of the cell to the wild type. This feature was 

exploited to integrate the cassette composed of the regions of homology located up- and 

downstream of the upp gene in the C. acetobutylicum wild type genome, to create clean 

deletion mutants. This method can be also used to introduce genes or regulatory 

elements into the genomic DNA of the host. What remains very important is the double 

recombination procedure, enabling the application of different conditions and tight 

control over the whole process at every step. Moreover, the upp-based system allows 

the construction of multiple mutants in one strain without the need to remove the 

selection marker after each mutagenesis step, and without causing polar effects on genes 

located downstream of the gene of interest.  

In C. acetobutylicum TCC 824 the upp gene overlaps the rpiB (CAC2880) with its 

START codon (Nöling et al., 2001), and therefore previously used deletion cassettes, 

designed to delete the whole upp gene along with the START and STOP codons, could 

affect the formation of functional ribose 5-phosphate isomerase (rpiB). Therefore in this 

work each cassette was designed to leave the upp START and STOP codons, to assure 

no influence of the gene alteration on its neighboring genes. The same approach was 

used to create clean deletion plasmids for the araK (pJL3) and xylB (pJL4) genes in 

C. acetobutylicum.  

During the attempts to create an in-frame upp deletion several first integrants were 

observed, although they always showed extremely poor growth and it was not possible 

to obtain any second recombinants. Even though different conditions were applied to 

improve the first integrants’ survival rate such as a rich and buffered media, uracil 

supplementation, or proceeding to the second recombination event as quickly as 

possible, it was not possible to maintain these strains for long enough. It must be 
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underlined here that the DNA molecules created during the process of first 

recombination are very unstable, and that could have been the reason for the failure of 

the attempts to maintain the first recombinants for a longer time. It is possible that the 

loss of the first recombinants was due to the second recombination event, resulting in 

the wild type strain. In theory, during the second recombination step mutants and 

revertants should be observed in 1:1 ratio, however for some genes, especially genes 

crucial for the basic metabolism of the cell, the ratio is shifted in favor of the revertants. 

The difficulties observed during the upp-based system creation could also originate 

from the fact that certain regions of bacterial DNA are less likely to recombine, 

probably due to regulatory elements or simply the high importance of the genes. 

Therefore, another method to construct the upp-deficient strain was used, and although 

the ClosTron mutagenesis is regarded as extremely efficient, it was not possible to 

obtain the upp-deficient strain during multiple approaches. The reason behind this 

remains unclear as an upp-deficient C. acetobutylicum strain was described (Soucaille, 

Figge & Croux, 2008).  

Regardless of good transformation rates, procuring the first integrants was relatively 

difficult even though, in further studies with allelic exchange experiments on the ΔpyrE 

strain of C. acetobutylicum, the first and second integrants within the arabinose and 

xylulose kinase genes were obtained without much effort. In the natural environment 

the genetic changes in a genome are not promoted in the presence of favorable 

conditions, while strong stress often results in increased mutation or gene transfer rates. 

Both reactions to stress are considered to be an evolutionary response to environmental 

changes, which require new features to be gained for faster adaptation, therefore an 

efficient genetic variation machine could be a key factor for the survival of an organism. 

It is already known that different kinds of stress induce the expression of certain 

recombination genes (Carr & Lambert, 2013; Winn et al., 2003; Zhong & Priest, 2011), 

and applying stress conditions results in a higher expression of DNA repair genes, with 

the homologous recombination genes among them. In C. acetobutylicum the expression 

of sporulation cascade genes was believed to be linked with the induction of DNA 

repair genes, and was observed to be activated by the presence of carboxylic acids or 

solvents, low pH and the limitation of nutritious elements: especially sugar, phosphate 

and nitrogen salts (Alsaker et al., 2009 and 2005; Bahl et al., 1995). To improve the 

recombination rate different conditions were applied, including the limited nutrient, low 
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pH and 5-FU-derived stress conditions. Supplementation with 5-fluorouracil was used 

exclusively for pJL10 and pJL11 plasmids, as they were designed to integrate within the 

upp gene, and hence the disruption of the phosphoribosyltransferase function would 

occur during the first recombination event.  

Additionally to the work done on C. acetobutylicum, the impact of 5-FU on the 

Clostridium saccharobutylicum NCP 262 wild type in liquid and agar cultures was 

investigated and the strain proved to be sensitive to the chemical. The sensitivity of 

some bacteria towards the 5-FU depends on the medium used for the cultivation of a 

strain, i.e. the phosphoribosyltransferase mutants of E. coli, B. subtilis or E. faecalis, 

require supplementation with purine ribonucleosides to be sensitized to 5-FU, because it 

can be converted to UMP in a sequential action of uridine phosphorylase and uridine 

kinase (Kristich et al., 2005; Neuhard, 1983). However, no changes in the sensitivity to 

5-FU of the C. acetobutylicum or C. saccharobutylicum wild types were observed, 

regardless of the media used. 

For future work it is suggested that the influence of butanol, acetate- or butyrate-derived 

stress (Alsaker et al., 2009; Tomas et al., 2004), which is also considered a strong 

trigger for the upregulation of expression of many genes related to DNA repair, should 

be investigated. Furthermore, creating a pJL10- or pJL11-derived plasmid bearing a 

functional copy of the upp gene of another Clostridium species could be a solution for 

problems arising from the disruption of the upp gene of C. acetobutylicum during the 

first recombination event, and could possibly increase integration rate. 

The first integration event achieved during this work should be regarded as the sign of 

an adequate approach, as in previous work on upp-deficient strain construction no first 

integrants were observed, regardless of the many different approaches used (Krauβe, 

PhD thesis, 2012). 
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4.2. Development of a methylation system for Clostridium saccharobutylicum NCP 

262 and the analysis of two endonuclease mutants 

 

The development of an efficient transformation system is a prerequisite for the 

genetic engineering of the biotechnologically important strain C. saccharobutylicum 

NCP 262. A characterization of the restriction-modification operons was made during 

this work and a triparental conjugation protocol for a methylation system was 

established to overcome the restriction defense of the host and increase the conjugation 

rate.  

4.2.1. Characterization of restriction-modification operons 

 

C. saccharobutylicum NCP 262 has two restriction-modification systems (RM1 

and RM2) annotated in the genome sequence (Poehlein et al., 2013). The first RM 

system (RM1) consists of three genes: the restriction subunit (hsdR1, CSA00451), the 

methylation subunit (hsdM1, CSA00552) and the specificity subunit (hsdS1, 

CSA00453). A second RM system (RM2) contains three subunits: hsdR2 (CSA02977), 

hdsM2 (CSA02981) and hdsS2 (CSA02979) and two hypothetical genes, CSA02978 

and CSA2980. 

Further investigation, based on the peptide BLAST experiments and analysis of the 

structure of both operons revealed that the HsdR1 peptide most likely belongs to the IA 

family, and the HsdR2 to the IC family, of restriction enzymes (Kulik and Bickle, 

1996). For this analysis E. coli restriction enzymes were chosen, as most well-known 

and comprehensively described. 

4.2.2. Methylation system for C. saccharobutylicum NCP 262 

 

Despite the biotechnological importance of this solventogenic organism, no 

successful transformation of C. saccharobutylicum has yet been described. Among 

clostridia various RM systems have been reported for pathogenic and non-pathogenic 

species (Guss et al. 2012; Purdy et al. 2002; Pyne et al. 2013), and since nothing is yet 

known about the specificity of the restriction systems of C. saccharobutylicum, the in 

vivo methylation by the methyltransferases (MTases) from the organism was used to 

overcome the restrictase activity. Since no positive results were obtained with an in 
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vitro methylation method, a tri-parental conjugation approach based on the in vivo DNA 

modification was developed. 

Conjugation is a common cell-to-cell, horizontal genetic transfer mechanism among 

bacteria (Griffiths et al., 2000). The donor cell bears the F-plasmid (F
+
 phenotype), 

carrying genes responsible for pili biosynthesis and the formation of proteins 

responsible for attaching to the recipient cell. A tri-parental conjugation with two donor 

E. coli strains was developed and proved to work efficiently, although the details of the 

plasmid transfer between the donor and recipient cells in this approach remain unclear. 

Previous work on C. difficile showed all plasmids from one donor cell are transferred to 

recipient cells (Purdy et al., 2002), and therefore it is possible that the DNA transfer 

occurs first between two E. coli donors, and then between E. coli and Clostridium 

strains. 

4.2.3. Efficiency of conjugation 

 

The restriction-modification systems of microorganisms serve as simple defense 

mechanisms against extraneous DNA (Murray, 2002 and 2000; Krüger & Bickle, 1983). 

When the unmethylated plasmid DNA was used for conjugation, no transconjugants of 

the wild type C. saccharobutylicum were observed. However, when the DNA was 

methylated with one of the native MTases of C. saccharobutylicum, multiple plasmid-

bearing colonies were noticed. Experiments with wild type recipients with and without 

in vivo methylation of the donor DNA suggested the RM2 system of 

C. saccharobutylicum has a higher significance for restriction as well as for 

methylation. The tri-parental conjugation method described in this work resulted in an 

efficiency rate higher by one order of magnitude compared to what has been reported 

previously on similar conjugation approaches for C. difficile (Mullany et al., 1991; 

Purdy et al., 2002). 

4.2.4. Different origins of replication for C. saccharobutylicum 

 

Each replicative plasmid possesses a region called the origin of replication (ori), 

and this region is very often host-specific (Mott & Berger, 2007; Kelman & Kelman, 

2004; Baker & Wickner, 1992). Several types of ori applicable for clostridia were 
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described before (Heap et al., 2009), yet no information on their function in 

C. saccharobutylicum has been obtained so far. Four different functional origins of 

replication in C. saccharobutylicum were established: the pIM13, pBP1, pCB102 and 

pCD6 (Heap et al., 2007; Purdy et al., 2002; Mermelstein & Papoutsakis, 1993; Davis, 

1998). Furthermore, the pIM13 and pBP1 were observed to remain in cells under no 

selective pressure for multiple restreak events, while the pCB102 and pCD6, were lost 

relatively quickly (Tab. 3.2.1). These results gave an insight into information important 

for different mutagenesis procedures. Stable plasmids are of great value for plasmid-

derived gene silencing or expression, while unstable plasmids are used especially for 

genome manipulations, such as knock-outs and knock-ins, where there is a need to 

remove the exogenous DNA as quickly as possible.  

 

4.2.5. Phenotype analysis of the hsdR1::int and hsdR2::int mutants of 

C. saccharobutylicum 

 

One of the characteristic traits of type I RM-systems is that the HsdM and HsdS 

subunits are transcribed from a different promoter than the HsdR subunit. Therefore, 

any disruption of the hsdR gene should not affect the activity of the MTase (Wilson & 

Murray 1991) and would give reliable information on the activity and specificity of 

restrictases. Disruption of either of the restrictase genes reduces the restriction activity 

of C. saccharobutylicum to the point where conjugation with unmethylated plasmid 

DNA is possible. It also increased the efficiency of conjugation when either an MTase1 

or MTase2-methylated plasmid was used, which accords with previous observations. 

During this work the flippase system was used in an attempt to remove the ermB marker 

from either of the hsdR::int mutant strains, which would result in a markerless 

restrictase-deficient strain, therefore making it accessible for further ClosTron 

experiments,. However this system did not prove efficient in this experiment and it was 

noticed that the ermB cassette removal is highly troublesome (Heap et al., 2014).  

In summary, this work shows it is possible to transconjugate DNA into the 

C. saccharobutylicum NCP 262 using in vivo methylation by its own 

methyltransferases. Experiments with wild type, hsdR1::int and hsdR2::int recipients 

conjugated with methylated and non-methylated plasmid DNA suggested that the RM2 

system of C. saccharobutylicum might play a more significant role in restriction and 
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methylation. The conjugation experiment with unmethylated plasmid showed higher 

rates for the hsdR2::int recipient, while methylation with pJL2 containing the MTase 

from RM2 was more effective for conjugation with WT recipients. Disruption of either 

of the two restrictases was another possibility to increase conjugation rates and does not 

influence the growth rate of C. saccharobutylicum. 

 

4.3. Pentose metabolism in solventogenic clostridia 

4.3.1. Comparison of the xylose and arabinose operons of 

C. saccharobutylicumNCP 262 and C. acetobutylicumATCC 824 

 

Although the genes related to the pentose metabolism of C. acetobutylicum were 

annotated and described (Grimmler et al., 2010; Servinsky et al., 2009; Rodionov et al., 

2001), knowledge of the xylose and arabinose metabolism of another important 

solventogenic microorganism, C. saccharobutylicum, was still very limited. 

Two gene clusters presumably involved in xylose metabolism have been annotated in 

the genomes of Clostridium acetobutylicumATCC 824 and C. saccharobutylicum NCP 

262 (Poehlein et al., 2013; Nölling et al., 2011). In C. acetobutylicum they have been 

described and investigated (Grimmler et al., 2010), therefore this microorganism was 

chosen as a model with which to compare and study the genes of C. saccharobutylicum. 

However, further studies on two pentose kinase genes, araK and xylB, have shown that 

the first of the two investigated clusters of C. acetobutylicum is involved in arabinose 

rather than xylose metabolism. 

During analysis of the arabinose and xylose metabolism genes several differences in the 

operon structure and the gene order between both strains were found (Fig. 4.1). In 

C. acetobutylicum, the transketolase and transaldolase genes are only present in the first 

operon, involved mainly in arabinose metabolism, while in the C. saccharobutylicum 

genome they are present in both operons, like in C. beijerinckii (Wang et al., 2011). 

Two clusters of C. saccharobutylicum genes involved in arabinose and xylose 

metabolism comprise genes divided into several operons of C. acetobutylicum 

(Fig. 4.1). This would suggest the first cluster of C. saccharobutylicum consists of one 

operon, CSA00700 – CSA00775, containing a transcriptional regulator, L-ribulose-5-
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phosphate-4-epimerase, a transaldolase (tal), transketolase (tkt), sugar kinase and 

hypothetical protein, and a single L-arabinose isomerase gene, located upstream 

(CSA00769), while the second cluster forms one operon, CSA03335 - CSA03329, 

consisting of xylulokinase, a transcriptional regulator or sugar kinase, tal, tkt, a 

hypothetical protein, L-fucose isomerase and another hypothetical protein, with a 

promoter region which we mapped upstream of the CSA03335 gene. 

As a part of the analysis of the arabinose and xylose operons of C. acetobutylicum and 

C. saccharobutylicum, four promoter regions, located upstream of the 

L-ribulose-5-phosphate 4-epimerase (araD), arabinose kinase (araK), and xylulose 

kinase (xylB) of C. acetobutylicum and the xylulose kinase (xylB) of 

C. saccharobutylicum were recognized and described.  

 

4.3.2. Analysis of C. acetobutylicum ATCC 824 and C. saccharobutylicum NCP 262 

xylB and araK mutants 

 

Xylose and arabinose are the predominant pentoses in plant-derived material, 

and detailed information on their input in ABE fermentation is of great value for the 

biotechnological industry nowadays. Unfortunately, knowledge of the pentose 

metabolism, especially in C. saccharobutylicum, is still very limited.  

Although two pentose-related operons of Clostridium acetobutylicum, CAC1344 – 

CAC1349 and CAC2612 – CAC2610, have been annotated and described as xylose 

operons (Grimmler et al., 2010), subsequent experiments suggested the first operon is 

involved rather in arabinose than in xylose metabolism (Servinsky et al., 2010; 

Servinsky et al., 2012; Zhang et al., 2012). 

In both operons sugar kinases are present and homologous genes in the operons of 

C. saccharobutylicum, named araK and xylB, were found. In the NCIMB and KEGG 

databases the C. acetobutylicum araK gene is still annotated as sugar kinase, possible 

xylulose kinase (Karp et al., 2005; Kanehisa et al., 2014), and transcriptional data on 

C. acetobutylicum cultivated on xylose revealed that both the xylB and araK genes are 

significantly upregulated on xylose (Grimmler et al., 2010). 
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Figure 4.1. Schematic comparison of the genes of Clostridium acetobutylicum and 

Clostridium saccharobutylicum involved in (A) arabinose and (B) xylose metabolism. 
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Homologous genes are black-coloured and indicated with the same arrow-shaped coding. No 

significant homology was found for grey-coloured genes within the operons of 

C. saccharobutylicum. Gene products are described in Results section 3.3 and in the text; 

amyD, sugar ABC transporter permease; msmE, sugar ABC transporter substrate-binding 

protein. C. acetobutylicum gene numbers are given according to the NCBI database, and 

C. saccharobutylicum – to the JGI database.  

 

In both operons sugar kinases are present and homologous genes in the operons of 

C. saccharobutylicum, named araK and xylB, were found. In the NCIMB and KEGG 

databases the C. acetobutylicum araK gene is still annotated as sugar kinase, possible 

xylulose kinase (Karp et al., 2005; Kanehisa et al., 2014), and transcriptional data on 

C. acetobutylicum cultivated on xylose revealed both the xylB and araK genes are 

significantly upregulated on xylose (Grimmler et al., 2010). 

In this work it is demonstrated that the araK gene in both solventogenic clostridia is 

involved in arabinose metabolism by showing that the araK disruptants in both 

organisms are not capable of using this pentose as a sole carbon and energy source, and 

yet they can still grow on xylose. Therefore it is possible, that the upregulation of the 

CAC1344 – CAC1349 operon in the presence of xylose could be caused by similarities 

in the pathways that both pentoses are metabolized through (Servinsky et al., 2012; 

Xiao et al. 2011). Mutants in the xylulose kinases (xylB) of both strains were unable to 

grow on xylose exclusively, and showed no growth impairment in an arabinose-

supplemented medium. A congruent role of xylB homologs in xylose metabolism was 

suggested for all Firmicutes (Gu et al., 2010).Moreover, neither of the mutations in 

arabinose or xylose kinases of both strains affected their ability to ferment two other 

monosaccharides largely present in the plant biomass – fructose and ribose.  

Although glucose kinases are known to catalyze the phosphorylation of different 

hexoses under certain conditions, no such activity of the enzyme towards pentoses was 

observed (Xiao et al., 2011; Kawai et al., 2005), and regarding the results obtained in 

this study it is most probable that neither arabinose nor xylose kinase can initiate a 

phosphorylation reaction of the other pentose. 

The intron mutagenesis might cause a polar effect on the expression of the genes 

located downstream. However, it was possible to restore the growth of araK::int on 



Discussion 

- 177 - 

arabinose and xylB::int on xylose in C. acetobutylicum, by introducing a functional 

copy of the native araK or xylB genes, respectively, under a strong, constitutive 

clostridial promoter. However, little is known about the regulatory elements applicable 

for C. saccharobutylicum, therefore no reversion of the effects of araK and xylB 

disruptions could possibly be caused by the inefficient activity of the chosen promoter. 

In this work no growth of the araK::int mutant in C. acetobutylicum was observed in 

the medium supplemented with arabinose only.However, results of a recent study on a 

similar mutant in C. acetobutylicum were published suggesting the araK disruptant is 

still capable of growing in a minimal medium with arabinose as the sole carbon source 

(Zhang et al., 2012). Although the growth profile of C. acetobutylicum araK::int in rich 

(CGM) and minimal medium (MES) was repeatedly examined during this study, 

comparable results were never observed. It is difficult to discuss these differences, as 

the information provided by Zhang and colleagues would suggest that for both 

experiments similar conditions were applied, and yet the discrepancy between the 

results obtained cannot be negligible. Intron mutations can influence the genes 

downstream of the integration site (the polar effect) although it is rather unlikely this 

was the reason for the araK::int‘s inability to grow on arabinose since it was possible to 

reverse the araK disruption effect with a functional copy of the gene. 

 

4.3.3. Fermentation profile of xylB::int and araK::int mutants in C. acetobutylicum 

 

In general, xylose and arabinose were shown to be a less efficient source of 

energy, when compared to glucose (Saddler et al., 1983), and it was noted that 

C. acetobutylicum produces higher amounts of solvents while fermenting 

monosaccharides arising from the erythro configuration, i.e. glucose, mannose or 

arabinose, than from the threo configuration, like xylose or galactose (Moo-Young, 

1989). Differences between the solvent production by the C. acetobutylicum wild type 

and mutant strains grown on glucose or arabinose were relatively small, while the 

solvent production on glucose and xylose, or arabinose and xylose, differed 

significantly. These differences might result from different pathways being used for the 

glucose (the Embden-Meyerhoff-Parnas pathway), xylose (the pentose phosphate 
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pathway) and arabinose (the phosphoketolase pathway) metabolism, as suggested 

before (Servinsky et al., 2012; Xiao et al., 2011). 

In Lactobacillus plantarum the disruption of both phosphoketolase genes and the 

introduction of a transketolase resulted in a full switch of xylose metabolism from the 

phosphoketolase pathway (PKP) to the pentose phosphate pathways (PPP), which 

resulted in higher fermentation rates (Okano et al., 2009). During this study, however, 

better solvent production was detected in samples grown on arabinose, and therefore 

presumably metabolized through the PKP, than on xylose, which is directed to the PPP.  

In the context of the efficiency of ABE fermentation it was observed that the functional 

araK gene is nearly as important for high solvent production, as the sugar used as a 

carbon source. Analysis of samples taken from cultures grown on different sugars 

revealed that the araK::int mutant produced the lowest amounts of solvents when 

compared to the other strains, regardless of the monosaccharide additive. Significant 

differences in acetone, butanol and ethanol production and sugar utilization between the 

wild type strain on glucose or arabinose and xylose proved that xylose is the less 

preferable carbon and energy source among the three monosaccharides (Ounine et al., 

1983; Saddler et al., 1983). Moreover, the results obtained during the fermentation 

experiment underlined the differences in the behavior of C. acetobutylicum in batch and 

continuous cultures. The wild type strain produced comparable amounts of acids and 

solvents on xylose and on glucose during the continuous fermentation culture, while in 

the batch culture the fermentation profile on glucose and on xylose differed 

significantly. 

It is possible that the higher growth rates and better fermentation profile observed on 

arabinose compared to xylose were caused by the pentose-derived carbon flux through 

the phosphoketolase pathway, which is regarded as energetically more effective than the 

pentose phosphate pathway (Servinsky et al., 2012). Pentose metabolism through the 

phosphoketolase pathway also results in a different acetate:butyrate production ratio, 

directing the cell metabolism to higher acetone production. It was proposed that the 

phosphoketolase in Clostridium acetobutylicum allows the Embden-Meyerhof-Parnas 

pathway to be skipped and more carbons to be turned into acetate rather than butyrate, 

which increases the acetate:butyrate (Ac:Bt) ratio. Indeed, higher Ac:Bt ratios were 

observed in samples grown on arabinose compared to the samples from cultures grown 
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on glucose or xylose (Fig. 3.3.12), as was shown before (Servinsky et al., 2012) 

indicating a different carbon flow. 

 

4.3.4. Carbon catabolite repression and diauxic growth on a mixture of D-glucose 

and L-arabinose of C. acetobutylicum ATCC 825 

 

Carbon catabolite repression is a common phenomenon among many bacteria 

and plays the role of an evolutionary mechanism that enables the microbes to use the 

most efficient energy source first (Servinsky et al., 2010; Tangney et al., 2003; 

Brückner et al., 2002; Saier et al., 1996). Glucose is regarded as a preferable carbon 

source to arabinose or xylose, and arabinose is preferred to xylose (Desai & Rao, 2010) 

However in Clostridium saccharoperbutylacetonicum N1-4 the arabinose metabolism 

was found to be superior to glucose (Yoshida et al., 2012). Interestingly, no carbon 

catabolite repression was observed for C. beijerinckii in a medium with mixtures of 

glucose, mannose, arabinose and xylose (Ezeji et al., 2008). The C. acetobutylicum wild 

type shows diauxic growth on a mixture of glucose and xylose (Gu et al., 2010; 

Grimmler et al., 2010). However the over-expression of three genes of the pentose 

phosphate pathway: predicted xylose proton symporter (CAC1345), xylose isomerase 

(CAC2610) and xylose isomerase (CAC2612) in the ΔglcG strain, lacking enzyme II of 

the D-glucose phosphoenolpyruvate-dependent phosphotransferase system, resulted in 

better utilization of both xylose and arabinose in the presence of glucose in the medium 

(Xiao et al., 2011; Aristidou & Penttilä, 2000). In this work the glucose catabolite 

repression in the wild type strain on the mixture of glucose and arabinose was observed 

with a characteristic short plateau phase when the organism switched from hexose to 

pentose metabolism, which remains in accordance with previous observations (Xiao et 

al., 2011).  
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4.3.5. Fermentation of arabinose by C. acetobutylicum phosphoketolase (pkt) 

mutants 

 

In the majority of clostridia, arabinose and xylose were traditionally thought to 

be metabolized through the pentose phosphate pathway (Xiao et al., 2011; Jurgens et 

al., 2012; Gheshlaghi et al., 2009; Jones & Wood, 1986). C. acetobutylicum, however, 

is one of the few Clostridium species possessing in their genomes the phosphoketolase 

gene (pkt), a close homolog of D-xylulose 5-phosphate/D-fructose 6-phosphate 

phosphoketolase (xfp) from Bifidobacterium lactis (Meile et al., 2001), and recent 

findings state that arabinose enters the EMP not through the PPP, but through the PKP, 

which would explain the advantage in the growth on this pentose compared to xylose 

(Servinsky et al., 2012). It is still debated whether in C. acetobutylicum the pkt gene is 

highly induced only by arabinose (Liu et al., 2012; Servinsky et al., 2010), while in 

some organisms, mainly in Lactobacilli, the phosphoketolase pathway is used for the 

xylose heterolactic acid fermentation (Ohara et al., 2006; Bustos et al., 2005; Tanaka et 

al., 2002; Chaillou et al., 1998). Also, among different fungi species, the PKP is 

commonly used for xylose metabolism (Papini et al., 2012; Panagiotou et al., 2008; 

Thykaer & Nielsen, 2007; Sonderedder et al., 2004). In C. acetobutylicum the 

phosphoketolase gene was found to be induced by xylose (Grimmler et al., 2010) and it 

was suggested that it was a part of the xylose metabolism pathway by contributing up to 

40% of the xylose catabolic flux (Liu et al., 2012). High upregulation of the pkt gene 

expression was observed in a diauxic growth experiment on a glucose and xylose 

mixture, after the cells switched to pentose metabolism (Grimmler et al., 2010). 

However, during the batch culture fermentation experiment the acetate:butyrate ratios of 

cultures grown on glucose and on xylose were similar. The carbon flux through the PKP 

results in higher acetone production, which was not observed in the xylose-

supplemented medium. 

A traditional view of C. acetobutylicum metabolism indicates that the organism is able 

to metabolize arabinose through the pentose phosphate pathway (Jurgens et al., 2012; 

Jones & Woods, 1986; Ounine et al., 1983); hence disruption of the phosphoketolase 

gene should not result in the inability to use this monosaccharide as a sole carbon and 

energy source. Both ClosTron mutants in the phosphoketolase gene of 

C. acetobutylicum were indeed capable of growing in a medium supplemented only 
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with arabinose, but they grew much less during the exponential growth phase when 

compared to the wild type strain, and the growth of the pkt::2int mutant was impaired 

compared to the growth of the pkt::1int mutant. Genes in regions located downstream of 

the pkt are expressed from their own promoter, therefore they should not by affected by 

the possible polar effect and the differences in the growth curves must come exclusively 

from the partial or complete inactivation of the pkt gene. Disparities between both 

mutant strains could be explained by the fact that pkt::1int has the intron inserted into a 

rear part of the gene, while pkt::2int was disrupted close to the middle of the gene, 

which could more likely affect the active centre of the phosphoketolase.  

In the absence of a functional phosphoketolase, the arabinose metabolism of 

C. acetobutylicum should be re-directed through the PPP. Studies on mRNA have 

shown transaldolase and transketolase, two proteins common to all pentoses 

metabolism, were found to be expressed in a similar way on both xylose and arabinose 

(Servinsky et al., 2012). However, the growth of both pkt mutants on arabinose was still 

more effective than the growth of the wild type strain on xylose. The differences 

between the rates of xylose and arabinose metabolism could therefore be a result not 

only of a functional phosphoketolase gene, but also of a more complex regulation.  

 

4.4. Continuous fermentation of C. acetobutylicum ATCC 824 on xylose-

supplemented, phosphate-limited medium 

 

Experiments on the small scale continuous fermentation of C. acetobutylicum 

were so far conducted on mixtures of different sugars or glucose only, but never 

exclusively on xylose (Millat et al., 2013; Schwarz et al., 2012; Grimmler et al., 2011; 

Napoli et al., 2010). 

PH-controlled phosphate-limited continuous fermentation gives information on the 

metabolism of the C. acetobutylicum wild type culture grown on xylose and allows 

separation of the three phases of growth – acidogenesis, solventogenesis and the 

transition between those steady states. During acidogenesis mainly acetate and butyrate 

were measured, while ethanol or butanol levels were relatively low. Concentrations of 

the solvents increased at the end of the metabolic switch, and concentrations of acids 
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decreased, but were still detectable during steady-state solventogenic growth (Fischer et 

al., 2006; Bahl et al., 1982). 

Although the dilution rate was identical to a comparable culture grown on glucose 

(Grimmler et al., 2011) and the profile of growth was very similar, the OD values of the 

xylose-supplemented culture were 0.5 OD600 units lower. A pH-induced metabolic 

switch took significantly longer than on glucose (Grimmler et al., 2011), and decreased 

cell density was observed, which reached the lowest values at the last point of the shift, 

and could have been caused by butanol-induced stress (Tomas et al., 2004; Vollherbst-

Schneck et al., 1984, Lin & Blaschek, 1983). The fermentation profiles of butanol and 

ethanol were comparable to the culture on glucose, while the butyrate and acetate levels 

were significantly higher, and the acetone concentration was lower. The first xylose-

supplemented culture returned more quickly to its OD values from before the switch, 

after 77.75 h, while the second one needed more time, and reached the starting OD 

values after 102.25 h. However, both xylose-supplemented cultures needed less time to 

reach steady solventogenic state, compared to the glucose-supplemented cultures 

(Grimmler et al., 2011). Although it is commonly known in batch cultures that 

C. acetobutylicum grows much more slowly on xylose compared to glucose, we 

observed no significant differences in the growth rate during continuous culture on 

xylose, compared to what has been shown in a study on glucose (Grimmler et al., 2011). 

Optical density values were similar during acidogenesis and solventogenesis, as in the 

work of Grimmler, but differed from previous work on glucose (Grupe & Gottschalk, 

1992). However, the time required to reaching steady-state solventogenic growth and 

the transition took significantly longer, which can be explained by less carbon 

molecules being accessible per gram of sugar compared to glucose. Previous work on 

C. acetobutylicum wild type batch cultures on xylose suggested that the strain grows 

more slowly and shows an impaired solvent production profile, compared to the same 

experiment conducted on glucose, and the differences were very significant. In the 

continuous culture experiment, however, both growth and fermentation profiles of the 

wild type strains grown on glucose or xylose were comparable, and differed only 

insignificantly. 

Xylose concentration increased during the two last pH shifts of the transition from 

acidogenic to solventogenic growth and it was strongly related to higher butanol 

production, which did not occur on glucose (Grimmler et al., 2011). Butanol has an 
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inhibitory effect on sugar analog uptake (Bowles & Ellefson, 1985; Moreira et al., 

1981) and was shown to have a greater effect on xylose than on glucose (Ounine et al., 

1985). Higher xylose concentrations correlated with a higher acid uptake, which could 

also be the cause of lower pentose utilization. After the metabolic shift from 

acidogenesis to solventogenesis the concentrations of acids rose again and reached 

stable values during solventogenesis, yet the xylose concentration in the medium did not 

decrease. The highest solvent concentration was observed at the last pH shift (pH 4.5) 

of the metabolic switch, whereas on glucose it was reached during steady-state 

solventogenic growth (Grimmler et al., 2011). It was suggested previously there are 

several main triggers for the switch from acid to solvent production in 

C. acetobutylicum: high carboxylic acid concentrations (over 28 mM), a decrease in the 

pH of the medium and limitations in iron, nitrogen or phosphate (Dürre et al., 2002; 

Girbal & Soucaille, 1998; Bahl et al., 1995; Terraciano & Kashket, 1986). In 

continuous culture the shift occurs exclusively due to the pH change (Grupe & 

Gottschalk, 1992), and in this experiment high concentrations of acids (over 60 mM of 

butyrate and 40 mM of acetate) present during the steady-state acidogenic growth did 

not induce solvent production. 

Along with the analysis of the phenotype the microarray data from six different time 

points (Fig. 3.4.2) were investigated. All the genes significantly regulated during the 

representative continuous culture experiment were divided into four groups. In the first 

group 141 genes upregulated during steady-state acidogenic growth were described and 

the second group was composed of 95 genes upregulated only during steady-state 

solventogenic growth. The third and fourth groups gather together genes non-regulated 

during these metabolic states. Exactly 226 genes found to be induced during the 

transition from acidogenesis to solventogenesis created the third group and 24 genes 

downregulated during the transition – the fourth group. The groups were analyzed by 

searching for the transcriptional pattern of the genes involved in the general- and 

butanol-induced stress response, sporulation, solvent and acid production, cellulosome 

synthesis, and the metabolism of sugars, and amino and fatty acids. Chosen genes were 

described in more detail and discussed. The genes and the binary logarithm values of 

their expression are listed in the tables. 
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4.4.1. Dehydrogenases and thiolases 

 

The dehydrogenases and thiolases of C. acetobutylicum play an important role in 

acid and solvent production. An important group of these genes is located on the pSOL1 

megaplasmid, forming the sol-operon, and is induced at the onset of solventogenesis 

(Jones et al., 2008; Zhao et al., 2005; Alsaker et al., 2005). 

Surprisingly, throughout the whole continuous culture experiment on xylose, no 

significant regulation of 3-hydroxybutyryl-CoA dehydrogenases (CAC2708 and 

CAC2009) or enoyl-CoA hydratases (CAC2712, CAC2012 and CAC2016) was 

observed (Tab. 4.4.1). The Hbd (CAC2708) and crt (CAC2712) genes play an 

important role in butyrate and butanol production (Lehmann & Lütke-Eversloh, 2011), 

and were observed to be highly induced during steady-state acidogenic growth in the 

continuous culture experiment on glucose (Grimmler et al., 2011) and yet remained 

non-regulated on xylose. However, the butanol amounts produced on xylose did not 

differ significantly from the concentration obtained on glucose. This might suggest the 

genes were probably constitutively induced through the whole fermentation process. 

Under butanol stress induced in an acidogenic chemostat culture of C. acetobutylicum 

no transcription of genes for solvent formation was observed (Schwarz et al., 2012), in 

contrast to previous reports, suggesting that the expression of solvent genes is dose-

dependent (Alsaker et. al., 2004; Tomas et al., 2004; Alsaker et al., 2009). No induction 

caused by the presence of butanol in the medium was observed, and it was assumed that 

their expression was caused by the change in the pH of the culture and the influence of 

other genes. 

Clostridium acetobutylicum has two paralogs of alcohol/aldehyde dehydrogenases, aad 

(CAP0162) and adhE (CAP0035) and two paralogs of thiolases, thlA (CAC2873) and 

thlB (CAP0078). The aad gene is located in the sol-operon (CAP0162 – CAP0164; 

Fischer et al., 1993) and was strongly repressed during steady-state acidogenic growth; 

its expression rose through the metabolic switch and the genes were upregulated during 

steady-state solventogenic growth. A comparable regulation pattern was observed on 

glucose (Grimmler et al., 2011). 
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Table 4.4.1. Comparison of the transcription profile of the genes involved in solvent formation: 

thiolases and dehydrogenases in a continuous culture in a xylose-supplemented, phosphate-

limited medium. RNA samples for the transcription analysis were taken during acidogenesis (pH 

5.7; A), solventogenesis (pH 4.5; S) and the metabolic shift (pH 5.5 – 4.5), and the expression 

ratios are shown as logarithms to the basis of 2. The RNA collected at the end of 

solventogenesis was used as a reference. Positive values indicate the upregulation of a gene 

and negative values indicate the downregulation of a gene, compared to a transcription level in 

steady state solventogenic growth (pH 4.5; S). Genes were regarded as significantly 

upregulated or repressed when their log2 expression ratios were ≤ 1.6 or -1.6 ≥, respectively. 

Blank cells indicate the transcription levels of the genes were below the detection limit. 

 

A significant reduction in the aad expression at the last pH shift of the transition from 

acidogenesis to solventogenesis (pH 4.5) correlates with a strong decrease in the acetate 

and butyrate concentrations and an increase in the solvent concentrations detectable in 

the culture. A similar expression pattern can be observed for the whole sol operon 

(CAP0162 – CAP0164), also encoding two butyrate-acetoacetate CoA-transferase 

subunits, ctfA and ctfB. Acetoacetate decarboxylase (adc, CAP0165) was significantly 

upregulated during the metabolic switch, but not during steady-state acidogenic growth 

(Tab. 4.4.1). The aad-ctfA-ctfB-adc locus is believed to be repressed by SolR (encoded 

by CAP0161; Nair et al., 1999). However, no correlation was observed between the 

expression of sol-locus and solRgene (Tab. 4 4.1). More recent work has been published 

on this particular regulation, emphasising that the expression of genes responsible for 

solvent production is activated by a multivalent transcription factor Spo0A through a 

region upstream of the sol-operon promoter, containing three imperfect repeats and a 

  pH 5.7 

(A) 

pH 5.5 pH 5.2 pH 4.9 pH 4.7 pH 4.5 pH 4.5 

(S) 

CAP0025 pdc 0.76 0.68 1.28 1.59 2.131 -1.44 -0.76 

CAP0161 solR -0.22 0.63 1.18 0.18 0.97  0.22 

CAP0162 aad -3.32 -1.42 1.67 1.88 4.01 -0.34 3.32 

CAP0163 ctfA -4.07 -1.65 1.20 1.60 3.38 -0.85 4.07 

CAP0164 ctfB -3.50 -1.36 1.01 1.33 2.56 -1.40 3.50 

CAP0165 adc -0.16 0.44 3.22 3.05 2.69 0.34 0.16 

CAP0078 thlB 0.31 0.58 1.65 2.13 1.27 -1.77 -0.31 

CAP0079 thlR -0.15 1.56 1.5 2.01 1.98 -0.52 0.15 
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putative Spo0A-binding motif (Thormann et al., 2002), which stands in agreement with 

the results shown in this work. 

ThlB expression increased only during the switch, and during steady-state acidogenic 

and solventogenic growth it remained non-regulated (Tab. 4.4.1). The transcription 

levels of thlA and adhE did not change throughout the entire continuous fermentation 

experiment. In C. acetobutylicum ATCC 824 grown in a phosphate-limited, glucose-

supplemented continuous culture, the adhE and thlA genes were upregulated during 

acidogenic growth, but repressed and non-regulated, respectively, during steady 

solventogenic growth (Grimmler et al., 2011). Although in the batch culture of the buk 

(butyrate kinase) mutant, the adhE and sol-operon expression patterns were found to be 

similar (Zhao et al., 2005) and in the experiments done by Grimmler and colleagues 

(2011) to be antagonistic, here no correlation between them was found.  

In Clostridium acetobutylicum DSM 792 the thlA gene is identical with the one of 

C. acetobutylicum ATCC 824 (Stim-Herndon et al., 1995), and the second thiolase 

(thlB) forms an operon with a presumed transcriptional regulator, thlR, and a 

hypothetical protein, thlC. Contrary to what has been observed for thlA, the thiolase B 

was poorly expressed in a batch culture during acid and solvent production by the DSM 

792 strain (Winzer et al., 2000). In the continuous culture however, the thlB was non-

regulated during acidogenesis and solventogenesis, and its expression increased 

significantly during the transition between these metabolic states. While it was 

suggested that the thlR in C. acetobutylicum DSM 792 might repress the transcription of 

the other two genes in the operon (thlB and thlC), no such dependence was observed in 

a continuous culture on xylose. 

The pyruvate decarboxylase gene (pdc, CAP0025) was induced only during the 

transition from acidogenic to solventogenic growth and repressed at its end (Tab. 4.4.1). 

A similar regulation pattern was shown in a glucose-supplemented continuous culture 

(Grimmler et al. 2011) and the association of pdc with solvent production was 

suggested before in a batch culture experiment (Zhao et al., 2005). Pyruvate 

decarboxylase is responsible for the decarboxylation of pyruvic acid to acetaldehyde 

and carbon dioxide, the first then presumably being reduced to ethanol by alcohol 

dehydrogenase, aad (CAP0162), and hence their simultaneous activation during the 

metabolic switch to solventogenesis. 
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At the onset of solventogenesis, larger amounts of acetyl-CoA are required for the acid 

activation. Among the genes involved in acetyl coenzyme A metabolism, the pflBA 

(CAC0980 – CAC0981) operon was significantly upregulated during the transition from 

acidogenic to solventogenic growth, while the citBC operon (CAC0971 – CAC0972) 

was strongly inhibited, which accords with results of previous experiment on glucose 

(Grimmler et al., 2011). 

 

4.4.2. Redox sensors and NAD-biosynthesis 

 

In prokaryotic metabolism, NAD
+
 is involved in the redox mechanisms, and carries 

electrons from one reaction to another. Its hydrogenated form, NADH, is used as a 

reducing agent to donate electrons, while NAD
+
 accepts electrons from other molecules, 

and therefore acts as an oxidizing agent. 

In C. Acetobutylicum the solvent production requires high amounts of NADH, 

and NAD-biosynthesis genes, nadABC, are highly induced in solventogenesis (Jones et 

al., 2008). Here, the upregulation of nadABC was observed exclusively during the 

transition from acidogenic to solventogenic growth; subsequently the genes were 

repressed at the last pH shift and remained non-regulated during solventogenesis.  

Changes in cellular NADH/NAD
+
 levels and the redox state are controlled by the 

regulators belonging to the Rex family, and in C. acetobutylicum the CAC2713 gene 

codes for Rex, a redox-sensing transcriptional repressor (Wietzke & Bahl, 2012). Of the 

many genes regulated by Rex (Wang Qet al., 2013) almost none of them were 

significantly regulated in a xylose continuous culture, except for two clusters, CAP0162 

– CAP0164 and CAC0014 – CAC0015. Regulation of the CAC0014 – CAC0015 genes 

was not observed in a glucose continuous culture (Grimmler et al., 2011). On xylose 

however it was strongly induced in the presence of high butyrate concentrations, during 

acidogenesis and the metabolic shift to solventogenesis, but not regulated when the 

butanol level increased (Tab. 4.4.2), which would correlate with the results obtained in a 

pH-controlled batch culture (Wang Q et al., 2013). The aad-ctfA-ctfB locus expression 

was induced briefly during the shift and showed no association with butyrate levels 

(Tab. 4.4.1). 
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  pH 5.7 

(A) 

pH 5.5 pH 5.2 pH 4.9 pH 4.7 pH 4.5 pH 4.5 

(S) 

CAC0014 Aminotransferase 4.93 7.48 2.41 7.80 3.52 0.95 -4.93 

CAC0015 serA 3.83 7.54 2.01 7.48 3.29 0.60 -3.83 

CAC1023 nadC 0.69 0.72 1.79 2.01 2.116 -2.13 -0.69 

CAC1024 nadB 0.74 0.70 1.75 1.85 1.781 -2.06 -0.74 

CAC1025 nadA 1.08 0.70 1.35 1.42 1.851 -1.77 -1.08 

 

Table 4.4.2. Comparison of the transcription profiles of genes involved in NAD
+
-NADH 

biosynthesis in a continuous culture in a xylose-supplemented, phosphate-limited medium. RNA 

samples for the transcription analysis were taken during acidogenesis (pH 5.7; A), 

solventogenesis (pH 4.5; S) and the metabolic shift (pH 5.5 – 4.5), and the expression ratios are 

shown as logarithms to the basis of 2. The RNA collected at the end of solventogenesis was 

used as a reference. Positive values indicate the upregulation of a gene and negative values 

indicate the downregulation of a gene, compared to the transcription level in steady state 

solventogenic growth (pH 4.5; S). Genes were regarded as significantly upregulated or 

repressed when their log2 expression ratios were ≤ 1.6 or -1.6 ≥, respectively. Blank cells 

indicate the transcription levels of the genes were below the detection limit.SerA, 

D-3-phosphoglycerate dehydrogenase; nadC, Nicotinate-nucleotide pyrophosphorylase; nadB, 

L-aspartate oxidase; nadA, quinolinate synthetase. 

 

4.4.3. Stress response 

 

Continuous fermentation puts the culture under high acid- or solvent-mediated 

stress. GroES/EL is expressed as a result of butanol stress and is believed to be a key 

component of the butanol-stress response, along with the ClpC and DnaKJ proteins 

(Schwarz et al., 2012; Alsaker et al., 2005; Tomas et al., 2004) However some studies 

show their importance also in the butyrate stress-response at low pH values (Alsaker & 

Papoutsakis, 2005; Tomas et al., 2003 b). The stress response genes of B. subtilis were 

described and divided into IV groups (Schumann et al., 2002). Based on this 

classification, in C. acetobutylicum the HrcA-GrpE-DnaK-DnaJ, GroES-GroEL and 

HtpG were classified as class I heat-shock proteins (hsp) genes, HrcA-dependent, and 

clp family genes as class III hps genes, CtsR-dependent (Alsaker et al., 2009; Tomas et 

al., 2004). Genes of both classes were identified in C. acetobutylicum, with a CtsR-
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binding region upstream of ClpC (Tomas et al., 2004). The expression of stress 

response genes was shown to be dose-dependent (Tomas et al., 2004).  

The increased expression of GroES and GroEL proteins may serve to stabilize 

biosynthetic machinery (Tomas et al., 2004), and overexpression of the heat shock 

proteins increases solvent tolerance not only in C. acetobutylicum (Mann et al., 2012; 

Tomas et al., 2003 a), but also in Lactococcus lactis, L. paracasei (Desmond et al., 

2004) and Saccharomyces cerevisiae (Vianna et al., 2008). The C. acetobutylicum strain 

overexpressing butanol-derived stress proteins GroESL was able to metabolize glucose 

even under high solvent concentrations in batch cultures (Tomas et al., 2003 a). 

In batch cultures it was also observed that high butyrate stress (over 50 mM) leads to 

the activation of purine metabolism and ATP synthesis coupled to proton transport 

genes, while riboflavin, cobalamin biosynthesis and ribosome-related genes seem to be 

silenced (Alsaker et al., 2009). Butyrate (over 40 mM) or butanol (over 60 mM) stress 

in the pH-controlled batch culture was observed to lead to the activation of genes 

targeted by HrcA and CtsR, grouped in clusters CAC1280 – CAC1283 (hrcA-grpE-

dnaK-dnaJ), CAC2703 – CAC2704 (groEL/ES), CAC3189 – CAC3192 (clpC, 

ATP:guanido-phosphotransferase, hypothetical protein, ctsR transcriptional regulator) 

and CAC3315 (htpG) (Wang Qet al., 2013). However, during the analysis of the 

transcription profile of the continuous culture it was observed that, regardless of high 

butyrate concentrations during acidogenesis (over 60 mM) and at the beginning of the 

switch to solventogenesis (pH 5.5, 60mM butyrate), neither of these genes was 

regulated, except for the groEL/ES operon (Tab. 4.4.3). They were upregulated 

significantly at lower pH values (pH 5.2 – 4.9), until the butanol concentrations rose, 

which is consistent with the results obtained previously on glucose (Grimmler et al., 

2011). The htpG (CAC3315) transcription level did not change throughout the entire 

continuous culture experiment, and was only downregulated at the last pH shift (pH 4.5) 

of the transition from acidogenesis to solventogenesis (Tab. 4.4.3). It is possible 

therefore that the HrcA and CtsR regulation might be connected to the metabolic switch 

between the two physiological states of the cell, acidogenesis and solventogenesis. 

However, regarding the constant inflow of nutrients and outflow of fermentation 

products the stress in a continuous culture might be much lower compared to any batch 

culture. Moreover, it was suggested previously that the exposure of C. acetobutylicum 

to butanol-derived stress results in the upregulation of major stress response genes, 
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including clpC, htpG,groEL/ES, dnaKJand hrcA (Alsaker et al., 2005; Tomas et al., 

2004; Alsaker et al., 2004). However, studies done on a glucose continuous culture with 

no additional butanol supplementation clearly showed these genes to have been 

expressed even before the butanol was produced (Grimmler et al., 2011). The stress 

response genes were upregulated during the transition from acidogenesis to 

solventogenesis, when the pH decreased to below 5.8, which is consistent with what is 

known about their role in the adaptation of a cell to changed conditions. This kind of 

stress response to low pH values is common among lactic acid bacteria (Kang et al., 

2010; Frees et al., 2003). The results presented in this thesis confirm these data, and the 

stress response genes, especially CAC3189 – CAC3192 and the groEL/ES operons were 

highly induced when the pH values decreased below 5.5, even though no significant 

amount of butanol was yet measured (2 g/l). 

 

  pH 5.7 

(A) 

pH 5.5 pH 5.2 pH 4.9 pH 4.7 pH 4.5 pH 4.5 

(S) 

CAC1280 hrcA 0.24 1.01 2.15 1.46 1.14 -1.79 -0.24 

CAC1281 grpE -0.06 0.95 1.93 1.53 1.056 -2.04 0.06 

CAC1282 dnaK -0.24 0.72 1.87 1.50 0.90 -2.37 0.24 

CAC1283 dnaJ 0.23 0.70 2.14 1.77 1.348 -1.11 -0.23 

CAC3189 clpC 0.54 1.56 3.29 2.83 1.954 -1.37 -0.54 

CAC3190 yacI 0.52 1.47 3.04 2.71 1.835 -1.13 -0.52 

CAC3191 yacH 0.59 1.37 3.16 2.84 1.573 -1.36 -0.59 

CAC3192 ctsR -0.60 0.75 2.19 2.28 0.844 -1.54 0.60 

CAC3714 hsp18 -0.98 0.78 3.34 2.96 1.601 -2.54 0.98 

         

CAC2703 groEL -0.05 1.15 2.76 2.01 0.97 -2.45 0.05 

CAC2704 groES -1.29 1.75 2.52 2.37 1.05 -2.03 1.29 

CAC3315 htpG 0.66 0.89 1.68 0.44 0.09 -2.06 -0.66 

 

Table 4.4.3. Comparison of the transcription profiles of genes involved in a stress-response of a 

C. acetobutylicumin continuous culture in a xylose-supplemented, phosphate-limited medium. 

RNA samples for the transcription analysis were taken during acidogenesis (pH 5.7; A), 

solventogenesis (pH 4.5; S) and the metabolic shift (pH 5.5 – 4.5), and the expression ratios are 

shown as logarithms to the basis of 2. The RNA collected at the end of solventogenesis was 

used as a reference. Positive values indicate the upregulation of a gene and negative values 

indicate the downregulation of a gene, compared to the transcription level in steady state 
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solventogenic growth (pH 4.5; S). Genes were regarded as significantly upregulated or 

repressed when their log2 expression ratios were ≤ 1.6 or -1.6 ≥, respectively. Blank cells 

indicate that the transcription levels of the genes were below the detection limit. 

 

Most of the genes became repressed at the end of the metabolic shift from acidogenesis 

to solventogenesis, when butanol production reached its highest level (Tab. 4.4.3), and 

were non-regulated during steady-state solventogenic growth (Sauer & Dürre, 1995), 

like during acidogenesis. Previous experiments on the glucose-supplemented continuous 

culture showed the heat shock proteins were observed to be induced shortly before 

upregulation of the solvent genes (Pich et al., 1990), and a similar relation between both 

gene groups was observed for a culture grown on xylose.  

As observed previously, glycerol-3-phosphate dehydrogenase (glpA, CAC1322) was 

strongly upregulated during steady-state solventogenic growth, but not during 

acidogenesis (Alsaker et al., 2009).  

 

4.4.4. Purine biosynthesis 

 

The genes involved in purine metabolism, grouped in several operons, purE – 

purC (CAC1390 – CAC1391), purF – purM – purN – purH (CAC1392 – CAC1395) 

and purD (CAC1396), are presumably involved in resistance to acid stress, strongly 

induced in the presence of high butyrate concentrations and generally upregulated 

during the exponential growth phase in batch cultures (Wang Qet al., 2013; Jones et al., 

2008). In this study the activation of pur genes was observed not in the presence of 

butyrate, but at the onset of solventogenesis. No strong connection to any acid stress 

response was noticed, as the transcription level of pur genes increased only during the 

last pH shifts of the switch between acidogenesis and solventogenesis (pH 4.9 – 4.5). 

The purQL (CAC1655) was not regulated throughout the entire continuous culture 

experiment (Tab. 4.4.4). Although it was reported previously that prolonged acetate and 

butyrate stress increases the expression of purine-biosynthesis genes in batch cultures 

(Alsaker et al., 2009), no regulation of the pur operons in the presence of high butyrate 

concentrations during steady acidogenic growth was observed in the continuous culture. 
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Although the pur genes were upregulated during the transition from acidogenic to 

solventogenic growth at pH 4.9 – 4.5, when the butyrate levels decreased and butanol 

concentration was increasing, they were still non-regulated during steady-state 

solventogenic growth. It is therefore possible their expression is rather pH-dependent.  

In batch cultures some of the pyrimidine biosynthesis genes are known to be 

downregulated under acetate, butyrate and butanol-derived stresses (Alsaker et al., 

2009). Here, in the continuous culture experiment the pyr genes, pyrDFIB (CAC2650, 

CAC2652 – CAC2654) were significantly upregulated at pH 4.9 and 4.5, when butyrate 

and acetate levels had already decreased. 

 

 

Table 4.4.4. Comparison of the transcription profiles of genes involved in purine metabolism 

(pur genes) in the continuous culture in a xylose-supplemented, phosphate-limited medium. 

RNA samples for the transcription analysis were taken during acidogenesis (pH 5.7; A), 

solventogenesis (pH 4.5; S) and the metabolic shift (pH 5.5 – 4.5), and the expression ratios are 

shown as logarithms to the basis of 2. The RNA collected at the end of solventogenesis was 

used as a reference. Positive values indicate the upregulation of a gene and negative values 

indicate the downregulation of a gene, compared to the transcription level in steady state 

solventogenic growth (pH 4.5; S). Genes were regarded as significantly upregulated or 

repressed when their log2 expression ratios were ≤ 1.6 or -1.6 ≥, respectively. Blank cells 

indicate that the transcription levels of the genes were below the detection limit. 

 

 

 

  pH 5.7 

(A) 

pH 5.5 pH 5.2 pH 4.9 pH 4.7 pH 4.5 pH 4.5 

(S) 

CAC1390 purE -0.04 0.89 -0.059 2.90 2.71 1.56 0.04 

CAC1391 purC -0.44 0.82 -0.26 2.70 2.52 1.50 0.44 

CAC1392 purF -0.42 0.81 -0.28 2.48 2.24 1.34 0.42 

CAC1393 purM -0.81 0.71 -0.44 2.72 2.27 1.54 0.81 

CAC1394 purN -0.70 0.67 -0.41 2.76 2.62 1.70 0.70 

CAC1395 purH -0.24 0.70 -0.14 2.60 2.93 1.84 0.24 

CAC1396 purD -0.93 0.40 -0.67 1.86 1.76 1.40 0.93 
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4.4.5. Sporulation genes and transcriptional regulators 

 

In the continuous culture experiment on xylose, several clusters of sporulation 

genes were observed to be induced during steady acidogenic growth and during the 

switch between acidogenesis and solventogenesis. Two of the clusters, CAC1695 – 

CAC1696 (sigE and sigG) and CAC2086 – CAC2093 (stage III sporulation proteins, 

SpoIII) were significantly upregulated during steady-state acidogenic growth and at the 

beginning of the transition from acidogenesis to solventogenesis. 

The so-called ‘master regulator’, the spo0A gene (CAC2071) was non-regulated during 

steady-state acidogenic or solventogenic growth and was upregulated only during the 

metabolic shift between these steady states. Interestingly, in the glucose-supplemented 

continuous culture, no significant regulation of spo0A was noticed (Grimmler et al., 

2011). However, Grimmler and colleagues described two AbrB transcriptional 

regulators (CAC0310 and CAC3647), also playing an important role in the initiation of 

sporulation and solventogenesis (Scotcher et al., 2005; Strauch et al., 1989), as being 

upregulated during acidogenic growth, but silenced during the transition to 

solventogenesis. Although their data would suggest the AbrB regulator could be 

involved in the regulation of the metabolic switch from acid to solvent production, no 

expression of those genes was observed in this experiment. 

Spo0A is believed to induce genes involved in solvent production by binding upstream 

of the promoter region of sol-operon (Thormann et al., 2002). In the xylose-

supplemented continuous culture no positive correlation between the expression of the 

spo0A and sol-operon or the sporulation genes was observed, showing their 

independence from Spo0A regulation (Tab. 4.4.5). However, many sporulation genes: 

namely stage III sporulation proteins (CAC2086 – CAC2093), sigma sporulation factors 

(CAC1689, CAC1694 – CAC1697) and spore coat proteins (CAC1337 – CAC1338) 

were upregulated during acidogenesis and through the transition from acidogenic to 

solventogenic growth, yet downregulated during solventogenesis. In B. subtilis, spo0A 

positively regulates the expression of sporulation genes, including the sigE operon 

(C. acetobutylicum ortholog CAC1694 – CAC1695), sigF operon (CAC2306 – 

CAC2308) and spoIIE (CAC3205), and similar regulation has been observed in 

C. acetobutylicum pH-controlled batch fermentations (Jones et al., 2008; Alsaker & 

Papoutsakis, 2005) and in this study. In the experiment on a glucose-supplemented 
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continuous culture, the positive regulation of the sigF-operon, involved in the early 

sporulation process, was observed during the transition from acidogenesis to 

solventogenesis (Grimmler et al., 2011). 

A spo0A-deficient strain shows no expression of sol-operon genes, but high expression 

of the genes related to the motility and chemotaxis of the cell (Tomas et al., 2003 b). In 

Bacillus subtilis the Spo0A protein negatively regulates flagellar (fli-operons), 

chemotaxis and DNA replication genes (Molle et al., 2003), and similar behavior was 

found in the C. acetobutylicum buk mutant (Zhao et al., 2005). In the xylose-

supplemented continuous culture experiment no significant changes in the regulation of 

flior chemotaxis genes were observed. Experiments on continuous cultures showed that. 

regardless of the lack of spo0A regulation, only a few, if any, flagellar genes were 

described as repressed or induced (Schwarz et al., 2012; Grimmler et al., 2011), while 

in batch cultures these genes were negatively regulated by spo0A expression (Alsaker et 

al., 2009; Zhao et al., 2005; Alsaker et al., 2004, Tomas et al., 2003 b). Another batch 

culture study showed chemotaxis and motility genes are mostly affected by acetate 

stress (but not by butyrate or butanol), even though under all three stress conditions the 

spo0A expression was comparable (Alsaker et al., 2009). These results would suggest 

that the conditions applied in continuous cultures are not triggering somehow any 

changes in cell motility or chemotaxis gene expression, possibly due to the constant 

inflow of nutrients, which does not require an active carbon and energy source search 

by the organism.  

It seems the Spo0A upregulation may be caused by the changes of pH in the culture and 

not the butyrate, acetone or butanol accumulation, as the spoA is non-regulated in both 

steady-state gworths, acidogenic and solventogenic, which tends to confirm the 

suggestion that the expression of sporulation genes remains mostly unaffected by 

metabolite stress (Alsaker et al., 2009). 

Although several groups of sporulation genes were upregulated in this experiment, in 

multiple continuous culture experiments, conducted by our research group on glucose, 

no regulation of sporulation genes was ever observed. 
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4.4.6. Cellulosome formation and polysaccharide metabolism 

 

C. acetobutylicum possesses a cluster of genes coding for a putative cellulosome 

(CAC0910 – CAC0919) and although the organism is not known to metabolize 

cellulose, it produces higher extracellular cellulolytic activities when cultured on 

lichenan or xylose, compared to cellobiose and glucose (López-Contreras, 2003 and 

2004). The cellulosome cluster represents a high homology to the operon described in 

C. cellulolyticum (Bélaichet al., 1997; Gal et al., 1997) and C. cellulovorans (Tamaru et 

al., 2000). In the continuous culture it was strongly repressed during the steady 

acidogenic phase and through the metabolic shift to solventogenesis (Tab. 4.4.5 B). As 

in the continuous culture experiment on glucose, the cellulosome genes were 

upregulated during solventogenic growth (Grimmler et al., 2011).  

Since the cellulosome-coding genes were strongly downregulated during acidogenesis 

and upregulated during solventogenesis and there was a constant inflow of the carbon 

source and nutrients, it was suggested that low pH values or a high butanol 

concentration could be the trigger for these genes’ expression. These results agree with 

what has been observed previously (Grimmler et al., 2011), although it seemed that, in a 

xylose continuous culture, higher upregulation of putative cellulosome genes during 

steady-state solventogenic growth was noticed. These observations are consistent with 

the results of López-Contreras (2004 and 2003), where a significantly larger amount of 

Cel-related proteins was detected on xylose than on glucose.  

Additionally, other genes related to the metabolism of polysaccharides were found to be 

upregulated during steady-state solventogenic growth or at the end of the transition 

from acidogenesis to solventogenesis (Tab. 4.4.5 A).  

In the continuous culture on glucose, genes involved in alternative substrate utilization 

were upregulated during solventogenesis (Grimmler et al., 20101), and a similar pattern 

was observed for the xylose-supplemented culture. Pectate lyases (CAP0056, 

CAC0574, CAC1968, and CAC3387) are involved in the decomposition of pectate to 

oligosaccharides and play an important role in maceration of plant tissues (Ouattara et 

al., 2011). Xylanases (CAP0053 – CAP0054, CAC2396 and CAC3017) are responsible 

for the degradation of xylan components in hemicelluloses to xylose (Beg et al., 2001). 
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A  pH 5.7 

(A) 

pH 5.5 pH 5.2 pH 4.9 pH 4.7 pH 4.5 pH 4.5 

(S) 

CAP0053 Xylanase (xynb) -1.66 -2.47 -1.56 -1.03 -0.46 1.73 1.66 

CAP0054 Xylanase/chitin 

deacetylase 

family enzyme 

-1.65 -2.72 -1.48 -1.40 -0.56 1.70 1.65 

CAC2396 Predicted 

xylanase/chitin 

deacetylase 

-1.76 -1.34 -1.09 -1.52 -2.31 -0.37 1.76 

CAC3017 Predicted 

xylanase/chitin 

deacetylase 

-2.15 -2.19 -1.15 -1.10 -1.68 -1.19 2.15 

CAP0056 Pectate lyase 

(pell) 

-2.00 -0.75 -1.25 -1.11 0.35 0.76 2.00 

CAC0574 Pectate lyase  -2.78 -2.91 -2.77 -2.29 -0.57 0.36 2.78 

CAC1968 Pectate lyase 

related enzyme 

-2.22 -2.11 -2.21  -1.17 0.52 2.22 

CAC3387 Pectate lyase -2.73 -2.82 -1.79 -1.68 -0.90 -0.29 2.73 

 

B  pH 5.7 

(A) 

pH 5.5 pH 5.2 pH 4.9 pH 4.7 pH 4.5 pH 4.5 

(S) 

CAC0561 celE -3.29 -3.26 -2.61 -2.79 -0.7 -0.61 3.29 

CAC0826 celE -1.77 -2.22 -2.16 -3.08 -1.62 -0.25 1.77 

CAC0910 cbp -6.72 -6.57 -5.38 -5.11 -2.21 -0.41 6.72 

CAC9011 celF -6.51 -6.51 -5.24 -5.21 -2.15 -0.52 6.51 

CAC0912 celA -7.38 -6.32 -5.41 -5.32 -2.00 -0.68 7.38 

CAC0913 celH -6.72 -5.97 -5.16 -4.92 -1.62 -0.65 6.72 

CAC0914 ccp -6.80 -6.57 -5.27 -5.18 -1.68 -0.58 6.80 

CAC0915 engA -5.47 -5.88 -4.47 -4.74 -1.58 -0.66 5.47 

CAC0916 celG -6.38 -6.64 -5.35 -5.18 -1.85 -0.81 6.38 

CAC0917 celL -6.38  -5.51  -2.29 -0.78 6.38 

CAC0918 manA -6.27  -5.72 -5.54 -2.53 -0.89 6.27 

CAC0919 sialidase -5.80 -6.01 -4.92 -5.04 -2.86 -0.92 5.80 

CAC3469 endoglucanase -3.99 -4.21 -4.12 -4.15 -2.19 0.97 3.99 

 

Table 4.4.5. Comparison of the transcription profiles of (A) genes involved in complex sugar 

metabolism and (B) genes coding for putative cellulosome (cel genes) in the continuous culture 

in a xylose-supplemented, phosphate-limited medium. RNA samples for the transcription 

analysis were taken during acidogenesis (pH 5.7; A), solventogenesis (pH 4.5; S) and the 
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metabolic shift (pH 5.5 – 4.5), and the expression ratios are shown as logarithms to the basis 

of 2. The RNA collected at the end of solventogenesis was used as a reference. Positive values 

indicate the upregulation of a gene and negative values indicate the downregulation of a gene, 

compared to the transcription level in steady state solventogenic growth (pH 4.5; S). Genes 

were regarded as significantly upregulated or repressed when their log2 expression ratios were 

≤ 1.6 or -1.6 ≥, respectively. Blank cells indicate the transcription levels of the genes were below 

the detection limit. 

 

Pectate lyases and xylanases remained downregulated during steady-state acidogenic 

growth and at the beginning of the metabolic switch, and became upregulated during the 

solventogenesis. 

The α-amylase (CAP0168) gene, located on the pSOL1 megaplasmid, was also 

upregulated at the end of the transition from acidogenic to solventogenic growth, but 

remained non-regulated in both acidogenesis and solventogenesis. As in the previous 

experiment (Grimmler et al. 2011), upregulation of glycerol-3-phosphate 

dehydrogenase (glpA, CAC1322) and galactokinase (galK, CAC2959) was observed 

during solventogenic growth. 

Since a simple carbon source (xylose) is not a limiting factor in our experiment, it is 

possible that the triggers of the expression of cellulosome and polysaccharide 

metabolism genes are similar – a low pH or solvent production. 

 

4.4.7. Fatty acid and amino acid biosynthesis 

 

In B. subtilis fatty acid synthesis is controlled by spo0A and precedes the 

endospore formation (Pedrido et al., 2013). In batch cultures several operons containing 

genes of fatty acid metabolism were regulated (CAC2007 – CAC2019, CAC3568 – 

CAC3580 or fab genes) (Schwarz et al., 2012; Tomas et al., 2004; Zhao et al., 2005). In 

the continuous culture no regulation of the fatty acid metabolism was observed. The 

4'-phosphopantetheinyl transferase (acpS, CAC0489) is involved in the transfer of acyl 

fatty acid intermediates as a part of the fatty acid and lipid biosynthesis, and was 

upregulated during steady-state acidogenic growth (Tab. 4.4.6). The experiment on a 

glucose-supplemented continuous culture showed upregulation of the genes of fatty acid 



Discussion 

- 198 - 

biosynthesis (CAC1988 – CAC2019) during solventogenesis (Grimmler et al., 2011). 

Although the transcription of the whole cluster was detectable during the entire xylose-

supplemented continuous culture, no regulation of either of the genes was observed.  

Different genes involved in amino acid biosynthesis were regulated during the entire 

xylose-supplemented continuous culture experiment. Serine is required for cysteine 

biosynthesis (Schaffer et al., 2002), and the genes involved in serine biosynthesis, 

CAC0014 and CAC0015, were strongly upregulated during steady-state acidogenic 

growth and during the switch between acidogenesis and solventogenesis, until the pH of 

the medium decreased to a value of 4.5. This regulation pattern correlated with a 

marked decrease in butyrate concentrations in the medium and an increase in butanol 

and acetone levels. In batch cultures, however, cysteine was observed to be synthesized 

as a response to acetate and butyrate stress (Alsaker et al., 2009).  

The aro locus (CAC0892 – CAC0899) is coding for genes of chorismate biosynthesis, 

an intermediate for aromatic amino acid biosynthesis, namely phenylalanine, tyrosine 

and tryptophan. The trp locus (CAC3157 – CAC3163) encodes genes responsible for 

converting chorismate to tryptophan. The regulation pattern of the aro genes (CAC0892 

– CAC0898) resembled the regulation of pur genes (Tab. 4.4.4).  

Genes remained non-regulated during steady-state acidogenic growth and solventogenic 

growth and become upregulated only during part of the transition between these 

metabolic states, which would contrast with previous observations made in batch 

cultures, demonstrating the induction of the aro locus on butyrate and butanol stress, 

while trp genes were previously found to be silenced by all solvent and acid stresses 

(Alsaker et al., 2009). 

Similarly, the two arg genes (CAC2388 – CAC2389) described as being induced on 

butyrate and inhibited on butanol (Alsaker et al., 2009), remained downregulated during 

nearly the entire continuous culture on xylose, except for steady-state solventogenic 

growth. 
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  pH 5.7 

(A) 

pH 5.5 pH 5.2 pH 4.9 pH 4.7 pH 4.5 pH 4.5 

(S) 

CAC0014 aminotransferase 4.93 7.48 2.41 7.8 3.5 1 -4.93 

CAC0015 serA 3.83 7.54 2.01 7.5 3.3 0.6 -3.83 

CAC0892 3-deoxy-7-

phosphoheptulonate 

synthase 

0.78 1.85 0.38 2.87 3.735 1.218 -0.78 

CAC0893 Prephenate 

dehydrogenase 

0.58 2.10 0.57 2.66 3.521 1.036 -0.58 

CAC0894 aroB  0.26 1.93 0.43 2.7 3.589 1.232 -0.26 

CAC0895 aroA  0.67 1.45 0.32 2.24 3.459 0.888 -0.67 

CAC0896 aroC  0.27 0.96 0.07 2.01 3.134 0.901 -0.27 

CAC0897 aroF -0.06 1.44 0.26 2.23 3.383 1.403 0.06 

CAC0898 aroK  -0.53 0.99 -0.27 1.81 2.646 1.029 0.53 

CAC2388 argD  -1.99 -0.724 -2.77 -4.158 -0.898 -1.89 1.99 

CAC2389 argB  -2.06 -2.149 -3.22  -1.86 -1.87 2.06 

CAC2390 argC -0.41 -0.56 -2.22 -4.00 -0.40 -2.00 0.41 

CAC2391 argJ -0.34 -0.22 -1.86 -3.60 -0.08 -1.80 0.34 

         

CAC0489 acpS 2.47 1.32 2.28 1.5 0.5 1.9 -2.47 

 

Table 4.4.6. Comparison of the transcription profiles of genes involved in amino and fatty acid 

biosynthesis and metabolism in the continuous culture in a xylose-supplemented, phosphate-

limited medium. RNA samples for the transcription analysis were taken during acidogenesis (pH 

5.7; A), solventogenesis (pH 4.5; S) and the metabolic shift (pH 5.5 – 4.5), and the expression 

ratios are shown as logarithms to the basis of 2. The RNA collected at the end of 

solventogenesis was used as a reference. Positive values indicate the upregulation of a gene 

and negative values indicate the downregulation of a gene, compared to the transcription level 

in steady state solventogenic growth (pH 4.5; S). Genes were regarded as significantly 

upregulated or repressed when their log2 expression ratios were ≤ 1.6 or -1.6 ≥, respectively. 

Blank cells indicate that the transcription levels of the genes were below the detection limit. 
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5. Summary 

 

Solventogenic clostridia are able to use various pentoses to produce energy in 

the process called Acetone-Butanol-Ethanol fermentation. Clostridium acetobutylicum 

ATCC 824 can ferment two common plant-derived pentoses, xylose and arabinose. 

However, their utilization is blocked by the presence of glucose, due to the carbon 

catabolite repression. Arabinose, compared to xylose, was more efficient as a carbon 

and energy source and its fermentation resulted in much higher solvent yields. The 

acetone-to-butanol ratio of cultures grown on arabinose was much higher compared to 

cultures grown on glucose or xylose, and it was suggested that the carbon flux in 

C. acetobutylicum grown on arabinose is directed through the phosphoketolase 

pathway, which would also explain the differences between the growth and 

fermentation profiles on both pentoses. Disruption of the phosphoketolase gene resulted 

in an impaired growth of the mutant strain on arabinose during the entire exponential 

phase of growth, and most probably it directed the carbon flux through the pentose 

phosphate pathway. 

In the metabolism of xylose and arabinose in C. acetobutylicum ATCC 824 and 

C. saccharobutylicum NCP 262, two important genes, encoding xylulose kinase (xylB) 

and arabinose kinase (araK) are involved. In this work intron mutants of the kinase 

genes were created in both solventogenic clostridia, and additionally the araK and xylB 

genes of C. acetobutylicum were deleted through the allelic exchange (ACE). 

Clostridium strains without functional arabinose kinase were not able to utilize 

arabinose as a sole carbon and energy source, but it was possible to complement the 

intron-derived mutation effect by introducing a functional copy of the araK gene under 

the promoter of the ferredoxin gene in C. acetobutylicum. Similarly, strains with 

disrupted xylulose kinase were not able to grow on xylose, but introducing a functional 

copy of the xylB gene under the ferredoxin promoter in the C. acetobutylicum intron 

mutant reversed this phenotype. A C. acetobutylicum ΔaraK ΔxylB strain was incapable 

of fermenting either xylose or arabinose.  

Although in batch cultures C. acetobutylicum showed an impaired growth and 

fermentation profile on xylose compared to glucose, no such observation was made in 

the continuous culture experiment. DNA microarray-based transcriptional analysis of 
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the genes regulated during the two metabolic states of the cell: acidogenesis and 

solventogenesis, and during the transition between both, revealed many similarities in 

the regulation of important cellular processes between glucose- (previous work from 

this group) and xylose-supplemented continuous cultures. Among genes regulated in a 

similar manner on xylose and glucose, the genes involved in solvent production (sol-

operon, thlB and aad), cellulosome formation (cel genes), stress response (groEL/ES, 

dnaKJ, grpE or hrcA) and the tricarboxylic acid cycle (citBC) were described. However, 

the transcriptional pattern of some genes differed between both cultures. Significant 

regulation of genes involved in amino acid biosynthesis (aro and trp genes), redox state 

(nadABC) and sporulation (spoIII genes, sigFgenes, sigG, sigE or spo0A) was observed 

on xylose, but not on glucose. 

Solvent production depends not only on productive sugar fermentation, but also on the 

effective energy conversion directed by, inter alia, the Rnf complex. This complex is 

common among anaerobic Gram-positive species and is used for energy conservation 

by converting the transfer of electrons from reduced ferredoxin to NAD into a sodium 

or proton gradient. In C. beijerinckii, however, disruption of the rnfC gene, coding for 

the first gene of the rnf cluster and a subunit of the complex, resulted in no visible 

changes in the growth curve or glucose consumption rates when compared to the wild 

type strain.  

Additionally, this study focused on the need for an accessible clean deletion system for 

solventogenic clostridia and the creation of an upp-based system for C. acetobutylicum. 

Despite the construction of several variants of deletion vectors and the application of 

different conditions to improve the integration rate, no clean deletion of the upp gene 

was achieved, although in several attempts the plasmid integrants, representing the first 

recombination event in the clean deletion method, were observed. 

Furthermore, for the genetic manipulations of C. saccharobutylicum NCP262, a 

methylation system and tri-parental conjugation approach were created. The pJL1 and 

pJL2 methylation plasmids, based on the native methyltransferase genes from the 

restriction-modification systems RM1 and RM2 of the bacterium, were constructed and 

it was shown that it is possible to transconjugate DNA to C. saccharobutylicum using in 

vivo methylation by its own methyltransferases. Experiments with three clostridial 

recipients: the wild type strain and mutants in the restriction subunits (hsdR) of the 
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restriction-modification systems RM1 and RM2, with and without in vivo methylation 

of donor DNA suggested the RM2 of C. saccharobutylicum has a higher significance 

for restriction, as well as for methylation. Conjugation with an unmethylated plasmid 

showed higher rates for the hsdR2-disrupted recipient, while methylation with pJL2 

containing the methyltransferase from RM2 was more effective for conjugation with 

wild type recipients. 
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6. Zusammenfassung 

 

 Solventogene Clostridien sind in der Lage, verschiedene Pentosen für ihre 

Energiegewinnung mittels Aceton-Butanol-Ethanol Fermentation zu verwenden. 

Clostridium acetobutylicum ATCC 824 fermentiert zwei pflanzliche Pentosen, 

D-Xylose und L-Arabinose, jedoch wird deren Verwertung in Anwesenheit von 

Glukose aufgrund der Kohlenstoff-Katabolitrepression unterdrückt. Arabinose scheint 

im Vergleich zu Xylose die effizientere Kohlenstoff- und Energiequelle zu sein, deren 

Fermentation in einer signifikant erhöhten Lösungsmittelproduktion resultierte. 

C. acetobutylicum ATCC 824 zeigte zudem ein deutlich erhöhtes Aceton/Butanol 

Verhältnis bei Wachstum auf Arabinose verglichen zu Kulturen mit Glukose oder 

Xylose. Der Katabolismus von Arabinose scheint über eine Phosphoketolase zu 

erfolgen. Die unterschiedlichen Abbauwege der beiden Pentosen erklären die 

Unterschiede im Wachstums- und Fermentationsverhalten auf diesen Substraten. Die 

Inaktivierung des Phosphoketolase-Gens führte während der gesamten exponentiellen 

Wachstumsphase zu einem verminderten Wachstum der Mutante auf Arabinose, was 

die Bedeutung dieses Gens für den Arabinose-Abbau belegte. 

An der Verwertung von Xylose und Arabinose sind sowohl in C. acetobutylicum ATCC 

824, als auch in C. saccharobutylicum NCP 262 zwei entscheidende Gene beteiligt, die 

für Xylulose-Kinase (xylB) und Arabinose-Kinase (araK) kodieren. Im Rahmen dieser 

Arbeit konnten Intron-Mutanten dieser Kinasegene in beiden solventogenen Clostridien 

erstellt werden. Darüber hinaus wurden die Gene araK und xylB in C. acetobutylicum 

ebenfalls durch allelic exchange (ACE) deletiert. Clostridium-Stämme können ohne 

eine funktionsfähige Arabinose-Kinase Arabinose nicht mehr als einzige Kohlenstoff- 

und Energiequelle nutzen. Dieser Phänotyp konnte durch eine funktionsfähige Kopie 

des araK-Gens unter Kontrolle des Ferredoxin-Gen-Promotors in C. acetobutylicum 

komplementiert werden. Analoges gilt für Stämme mit einer inaktivierten Xylulose-

Kinase. Mit der Inaktivierung des xylB-Gens war ein Wachstum auf Xylose 

ausgeschlossen. Auch dieser Phänotyp konnte durch eine funktionsfähige Kopie des 

xylB-Gens unter Kontrolle des Ferredoxin-Gen-Promotors in einer der entsprechenden 

Intron-Mutante komplementiert werden. Der Stamm C. acetobutylicum ΔaraKΔxylB 

konnte beide Pentosen, Xylose und Arabinose, nicht fermentieren. Obwohl 
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C. acetobutylicum in Batch-Kulturen mit Xylose ein vermindertes Wachstums- und 

Fermentationsverhalten zeigte, konnte dieser Effekt in kontinuierlichen Kulturen nicht 

bestätigt werden.  

Transkriptionsanalysen mit DNA-Microarrays zeigten bei kontinuierlichen Kulturen auf 

Glucose (frühere Arbeiten der Arbeitsgruppe) und Xylose ein ähnliches 

Expressionsverhalten von Genen, die während der Acido- und Solventogenese sowie 

während der Transitionsphase reguliert waren. Diese ähnliche Genexpression konnte für 

Gene der Lösungsmittelproduktion (sol-operon, thlB and aad), der Cellulosomen-

Bildung (cel genes), der Stress-Antwort (groEL/ES, dnaKJ, grpE or hrcA) und der 

Citrat-Bildung (citBC) nachgewiesen werden. Andererseits unterschied sich das 

Transkriptionsprofil einiger Gene in beiden Kulturen deutlich voneinander. So zeigten 

Gene, die an der Aminosäurebiosynthese (aro und trp), des Redoxzustands (nadABC) 

oder der Sporulation (spoIII genes, sigF genes, sigG, sigE or spo0A) beteiligt sind, eine 

signifikante Regulation auf Xylose, nicht aber auf Glukose.  

Die Lösungsmittelproduktion ist nicht allein von einer produktiven Zucker-

Fermentation, sondern ebenfalls von einer effektiven Energie-Umwandlung etwa durch 

den Rnf Komplex abhängig. Unter anaeroben Gram-positiven Bakterien ist der Rnf 

Komplex weit verbreitet. Er produziert einen Natrium- bzw. Protonengradienten bei der 

Übertragung von Elektronen von reduziertem Ferredoxin auf NAD
+
. In C. beijerinckii 

zeigte jedoch die Inaktivierung des rnfC Gens, welches „das erste Gen des rnf-

Genclusters dieses Bakteriums darstellt, keine ersichtlichen Veränderungen in der 

Wachstumskurve oder der Glukose-Verbrauchsrate im Vergleich zum Wildtyp-Stamm.  

Die vorliegende Arbeit beschäftigte sich außerdem mit der Entwicklung eines einfachen 

clean deletion Systems für solventogene Clostridien durch Gegenselektion mit einem 

auf upp basierenden System in C. acetobutylicum. Trotz der Konstruktion etlicher 

Varianten von Deletionsvektoren und der Verwendung unterschiedlicher Bedingungen, 

um die Integrationsrate zu verbessern, konnte keine Deletion des upp Gens 

nachgewiesen werden. In einigen Versuchen konnte jedoch die Vektor-Integration, der 

erste Schritt in der Deletionsmethodik, beobachtet werden.  

Ferner wurde für die genetische Manipulation von C. saccharobutylicum NCP 262 ein 

Methylierungssystem und ein tri-parentales Konjugationsverfahren entwickelt. Es 

wurden die Methylierungsvektoren pJL1 und pJL2 mit den Genen für die nativen 



Zusammenfassung 

- 205 - 

Methyltransferasen der Restriktions/Modifikations-Systeme RM1 und RM2 des 

Bakteriums konstruiert. Es konnte gezeigt werden, dass infolge der in vivo 

Methylierung durch die eigenen Methyltransferasen DNA in C. saccharobutylicum 

konjugiert werden kann. Drei Clostridium Rezipienten-Stämme, der Wildtyp-Stamm 

und Mutanten in den Restriktions-Untereinheiten (hsdR) der 

Restriktions/ModifikationsSysteme RM1 bzw. RM2, wurden mit und ohne in vivo 

Methylierung der Donor-DNA zum Einsatz gebracht. Die Experimente zeigten, dass 

RM2 von C. saccharobutylicum offenbar eine größere Bedeutung sowohl für 

Restriktion als auch Methylierung besitzt: Die Konjugation mit unmethyliertem Plasmid 

zeigte eine höhere Rate mit dem hsdR2 knock-out-Rezipienten und die Methylierung 

mit der auf pJL2 kodierten Methyltransferase von RM2 war deutlich effektiver bei der 

Konjugation mit dem Wildtyp-Rezipienten. 
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Abstract 

Restriction-Modification (RM) systems are a common defence mechanism against 

foreign DNA among bacteria. For this reason they often represent a limiting factor for 

the development of transformation and conjugation protocols. The genome of the 

biotechnologically important solventogen Clostridium saccharobutylicum NCP 262 

contains two operons coding for genes of presumed type I RM systems belonging to the 

families A and C. We developed an efficient triparental mating system to transfer DNA 

to C. saccharobutylicum by conjugation, which includes an in vivo methylation of the 

donor DNA. Furthermore we describe increased rates of conjugation in knock-out 

mutants of the restrictase subunits of both RM systems. 
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9. Supplementary Data 

 

Table 9.1. List of primers used during creation of the upp-deficient strain. The 

restriction sites used for cloning are underlined and specific enzymes are indicated in 

the description.  

 

Name Sequence (5’  3’) Description 

pCH1 check fwd GCTCTCAGAGGCTCATAGAC Check primers for all inserts in 

the pCH1 plasmid; Integration 

check for the pJL10 plasmid 

pCH1 check rev CGGGCCTCTTCGCTATTA Check primers for all inserts in 

the pCH1 plasmid; Integration 

check for the pJL10 plasmid 

upp up rev HindIII ACTTGCCTCGGTAATG Integration check for the 

pMADKupp- plasmid 

check upp down fwd CCATGGAGAAAGTGGCTCTTT

GC 

Integration check for the 

pMADKupp- plasmid 

upp down fwd 

BamHI 

CACCTGCTGAAAAAGCT Integration check for the 

pMADKupp- plasmid 

check upp up rev CCATGAATAGCAGATG Integration check for the 

pMADKupp- plasmid 

520 LHA fwd TTTTTTGGATCCTATTTTAACT

GTTGGTAAAAG 

Creation of the pJL9-520 left 

homology arm, BamHI 

520 LHA rev TGGAGGAATGAAATAATGTA

AATTGCATAAATAAAAAGG 

Creation of the pJL9-520 left 

homology arm 

520 RHA rev TTTTTTTAAGCTTTATCTTCTT

TTTTTGCGATTATG 

Creation of the pJL9-520 right 

homology arm, HindIII 

520 RHA fwd TATTTATGCAATTTACATTATT
Creation of the pJL9-520 right 
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TCATTCCTCCATTG homology arm 

upp check down fwd CCATGGAGAAAGTGGCTCTTT

GC 

Integration check for the pJL9-

520 plasmid 

upp check down rev CAGGAATAAGAGCAGCTGTA

TG 

Integration check for the pJL9-

520 plasmid 

upp check up fwd TCCAGGTGGAACAGTTGCCCT

TAC 

Integration check for the pJL9-

520 plasmid 

upp check up rev CAGCAGGTGCATCTGCTATTC

ATGG 

Integration check for the pJL9-

520 plasmid 

LHA upp in fwd TTTTTTTCTAGATTATTTTGTA

CCGAATAATCTATCTC 

Creation of the pJL10 left 

homology arm, XbaI 

LHA upp in rev TTCTACAGGTATATGTCCAAC

CTTAGCAGCAGGTATTA 

Creation of the pJL10 left 

homology arm 

RHA upp in fwd TAAGGTTGGACATATACCTGT

AGAATACTTCTGTAAAC 

Creation of the pJL10 right 

homology arm 

RHA upp in rev TTTTTTCTGCAGATGAGTAAA

GTTACACAAATATCACATC 

Creation of the pJL10 right 

homology arm, PstI 

LHA upp ins-out 

fwd 

TTTTTTCTGCAGATTTGATGA

GCAAGGTGCAAGGGTATC 

Creation of the pJL11 left 

homology arm, PstI 

LHA upp ins-out rev GTAAAATGTTAATAACACTTC

TTAAGAAAAG 

Creation of the pJL11 left 

homology arm 

RHA upp ins-out 

fwd 

GAAGTGTTATTAACATTTTAC

ATTTAGTTATAC 

Creation of the pJL11 right 

homology arm 

RHA upp ins-out rev TTTTTTTCTAGAACATTTAGA

GAGTAAAAATATTGAGGTTA

AAG 

Creation of the pJL11 right 

homology arm, XbaI 

upp genome check 

fwd 

AAGTGGACGTGCAAGCGGAA

AC 

Integration check for the pJL10 / 

pJL11 plasmid 

upp genome check GGTGTAGAGGGTGACATTACT Integration check for the pJL10 / 
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rev G pJL11 plasmid 

Clostron upp check 

rev 

GTTGTAGGACCTGGATTAGC Check primers for the ClosTron 

C. acetobutylicum upp mutant 

RecA-pJL11 fwd TTTTTTGGTACCTGATTTATTT

TGCATAAAATGGATATAA 

Creation of the pJL11-RecA 

plasmid, KpnI 

RecA-pJL11 rev TTTTTTGAATTCTTATTTTGTA

TTATTTTCAGTTCCTTTTTCA 

Creation of the pJL11-RecA 

plasmid, EcoRI 

 

 

Table 9.2. List of primers used during the creation of the methylation plasmids, pJL1 

and pJL2, for C. saccharobutylicum. Restriction sites used for cloning are underlined 

and specific enzymes are indicated in the description. MT I and II check primers were 

used exclusively for sequence check of the MTase cassettes, and are designed to bind 

0.7 – 1 kb from one another to produce significant sequencing results. 

 

Name Sequence (5’  3’) Description 

010 fwd TTTTTTCTGCAGGATTTGATAGC

ACCATTTAAAGC 

pJL010 plasmid creation, 

PstI 

010 rev TTTTTTCTAGAATATTGCCAATT

ACTTACCTTGTTATTC 

pJL010 plasmid creation, 

XbaI 

020.1 fwd TTTTTTCTGCAGGATATTAAATA

TATACTGCGAGGAG 

pJL020 plasmid creation, 

PstI 

020.1 rev TTTTTTCTAGAATAATAAAGTAT

TTTTCCGCCTAAAC 

pJL020 plasmid creation, 

XbaI 

020.2 fwd TTTTTTCTAGATACTTTCCTTGTT

TGGTTGGTAATG 

pJL020 plasmid creation, 

XbaI 

020.2 rev TTTTTTGGCGCCATTTCATCTAC

AAATGCAATAAAAG 

pJL020 plasmid creation, 

EheI 
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JetT7 fwd TTTTTTACATGTGTCCCAATTAG

TAGCATCACGCTGTGAG 

T7 promoter amplification 

for pJL021 / pJL011 plasmid 

creation, PciI 

JetT7 rev TTTTTTCTGCAGAAACTCGAGCC

ATCCGGAAGATCTG 

T7 promoter amplification 

for pJL021 / pJL011 plasmid 

creation, PstI 

011/21 fwd TTTTTTACTAGTCCAATTAGTAG

CATCACGCTGTGAG 

pJL022 / pJL012 plasmid 

creation, SpeI 

011 rev TTTTTTCCCGGGGATCCTCTAGA

ATATTGCCAATTA 

pJL012 plasmid creation, 

SmaI 

021 rev TTTTTTCCCGGGTCAGGCGCCAT

TTCATCTACAAATGC 

pJL022 plasmid creation, 

SmaI 

PACYC_backbone 

fwd 

TTTTTTCCCGGGATTATCACTTAT

TCAGGCGTAGCAC 

Amplification of the pACYC 

184 backbone, SmaI 

PACYC_backbone 

rev 

TTTTTTACTAGTATTCTTGGAGT

GGTGAATCCGTTAG 

Amplification of the pACYC 

184 backbone, SpeI 

JL-Tet fwd TTTTTTGGTACCAAATACGCCCG

GTAGTGATCTTATTTC 

pJL2 / pJL1 plasmid 

creation, KpnI 

JL-Tet rev TTTTTTGGTACCGCTACGCCTGA

ATAAGTGATAATCCC 

pJL2 / pJL1 plasmid 

creation, KpnI 

pACYC check fwd ATCCATCCGGCGTAATACGACTC

AC 

Check primer for sequencing 

of MTase cassettes on the 

pACYC 184 plasmid 

pACYC check rev AAGATCACTACCGGGCGTATTTG Check primer for sequencing 

of MTase cassettes on the 

pACYC 184 plasmid 

MT I check 1 CCAGCTTGTGGTACAGCAGGATT

TC 

Forward check primer for 

sequencing of the MT I 

cassette 

MT I check 2 GATAAGTGGTTCTGGGTTGATAA Forward check primer for 
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AG sequencing of the MT I 

cassette 

MT I check 3 ATTTATCGAGATGTTTGGCGATC

CG 

Forward check primer for 

sequencing of the MT I 

cassette 

MT II check 1 ATGGTAGGTATACTAAAGCCAC

AAG 

Forward check primer for 

sequencing of the MT II 

cassette 

MT II check 2 AGAGTGAAGAGCGAAGAAATAA

GG 

Forward check primer for 

sequencing of the MT II 

cassette 

MT II check 3 GGGAGATACCGAATAGTTGGAA

GG 

Forward check primer for 

sequencing of the MT II 

cassette 

 

 

Table 9.3. List of ClosTron primers used to create intron mutants in C. acetobutylicum, 

C. saccharobutylicum and C. beijerinckii strains. Integration sites are given in the 

names of primers with sense (s) or antisense (a) directions of integration. Additionally, 

all intron cassettes created using the PCR technique and cloned into pMTL007 plasmids 

were examined by sequencing, using the pMTL2 check primers. 

 

Name Sequence (5’  3’) Description 

pMTL2 check fwd TCTCAAGAAGTTGGAGGGTGAAG Primers for the sequencing 

check of the ClosTron intron 

cassette 

pMTL2 check rev CCGTCAGGATGGCCTTCTGCTTAA

TTTG 

Primers for the sequencing 

check of the ClosTron intron 

cassette 

EBS universal CGAAATTAGAAACTTGCGTTCAGT ClosTron intron cassette 
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primer AAAC creation, universal primer 

Csa hsdR1 - 

2565|2566s-IBS 

primer 

CAGATTGTACAAATGTGGTGATA

ACAGATAAGTCGTTAGAGATAAC

TTACCTTTCTTTGT 

ClosTron intron cassette 

targeting the CSA00451 gene 

Csa hsdR1 - 

2565|2566s-EBS1d 

primer 

CAGATTGTACAAATGTGGTGATA

ACAGATAAGTCGTTAGAGATAAC

TTACCTTTCTTTGT 

ClosTron intron cassette 

targeting the CSA00451 gene 

Csa hsdR1 - 

2565|2566s-EBS2 

primer 

TGAACGCAAGTTTCTAATTTCGAT

TAATGCTCGATAGAGGAAAGTGT

CT 

ClosTron intron cassette 

targeting the CSA00451 gene 

Csa hsdR2 - 

2220|2221s-IBS 

AAAAAAGCTTATAATTATCCTTAG

ATTTCGGACAGGTGCGCCCAGAT

AGGGTG 

ClosTron intron cassette 

targeting the CSA02977 gene 

Csa hsdR2 - 

2220|2221s-EBS1d 

CAGATTGTACAAATGTGGTGATA

ACAGATAAGTCGGACAGCCTAAC

TTACCTTTCTTTGT 

ClosTron intron cassette 

targeting the CSA02977 gene 

Csa hsdR2 - 

2220|2221s-EBS2 

TGAACGCAAGTTTCTAATTTCGAT

TAAATCTCGATAGAGGAAAGTGT

CT 

ClosTron intron cassette 

targeting the CSA02977 gene 

Cac araK - 

260|261a-IBS 

AAAAAAGCTTATAATTATCCTTAC

CAATCGAACCAGTGCGCCCAGAT

AGGGTG 

ClosTron intron cassette 

targeting the CAC1344 gene 

Cac araK - 

260|261a-EBS1d 

CAGATTGTACAAATGTGGTGATA

ACAGATAAGTCGAACCAATTAAC

TTACCTTTCTTTGT 

ClosTron intron cassette 

targeting the CAC1344 gene 

Cac araK - 

260|261a-EBS2 

TGAACGCAAGTTTCTAATTTCGGT

TATTGGTCGATAGAGGAAAGTGT

CT 

ClosTron intron cassette 

targeting the CAC1344 gene 

Cac xylB - 

843|844s-IBS 

AAAAAAGCTTATAATTATCCTTAG

GAAGCGTTCATGTGCGCCCAGAT

AGGGTG 

ClosTron intron cassette 

targeting the CAC2612 gene 
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Cac xylB - 

843|844s-EBS1d 

CAGATTGTACAAATGTGGTGATA

ACAGATAAGTCGTTCATACTAACT

TACCTTTCTTTGT 

ClosTron intron cassette 

targeting the CAC2612 gene 

Cac xylB - 

843|844s-EBS2 

TGAACGCAAGTTTCTAATTTCGAT

TCTTCCTCGATAGAGGAAAGTGTC

T 

ClosTron intron cassette 

targeting the CAC2612 gene 

Cac pkt1 - 

1887|1888s-IBS 

AAAAAAGCTTATAATTATCCTTAC

AAGACCCTGATGTGCGCCCAGAT

AGGGTG 

ClosTron intron cassette 

targeting the CAC1343 gene 

Cac pkt1 - 

1887|1888s-EBS1d 

CAGATTGTACAAATGTGGTGATA

ACAGATAAGTCCCTGATGTTAACT

TACCTTTCTTTGT 

ClosTron intron cassette 

targeting the CAC1343 gene 

Cac pkt1 - 

1887|1888s-EBS2 

TGAACGCAAGTTTCTAATTTCGGT

TTCTTGTCGATAGAGGAAAGTGTC

T 

ClosTron intron cassette 

targeting the CAC1343 gene 

Cac pkt2 - 

621|622s –IBS 

AAAAAAGCTTATAATTATCCTTAG

CAGTCCTTCCTGTGCGCCCAGATA

GGGTG 

ClosTron intron cassette 

targeting the CAC1343 gene 

Cac pkt2 - 

621|622s -EBS1d 

CAGATTGTACAAATGTGGTGATA

ACAGATAAGTCCTTCCTATTAACT

TACCTTTCTTTGT 

ClosTron intron cassette 

targeting the CAC1343 gene 

Cac pkt2 - 

621|622s -EBS2 

TGAACGCAAGTTTCTAATTTCGAT

TACTGCTCGATAGAGGAAAGTGT

CT 

ClosTron intron cassette 

targeting the CAC1343 gene 

Csa araK - 

1104|1105s-IBS 

AAAAAAGCTTATAATTATCCTTAG

GAGTCCTTGCAGTGCGCCCAGATA

GGGTG 

ClosTron intron cassette 

targeting the CSA00774 gene 

Csa araK - 

1104|1105s-EBS1d 

CAGATTGTACAAATGTGGTGATA

ACAGATAAGTCCTTGCATATAACT

TACCTTTCTTTGT 

ClosTron intron cassette 

targeting the CSA00774 gene 

Csa araK - TGAACGCAAGTTTCTAATTTCGAT ClosTron intron cassette 
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1104|1105s-EBS2 TACTCCTCGATAGAGGAAAGTGTC

T 

targeting the CSA00774 gene 

Csa xylB - 

1143|1144s-IBS 

AAAAAAGCTTATAATTATCCTTAG

ATTTCGTTCGCGTGCGCCCAGATA

GGGTG 

ClosTron intron cassette 

targeting the CSA03335 gene 

Csa xylB - 

1143|1144s-EBS1d 

CAGATTGTACAAATGTGGTGATA

ACAGATAAGTCGTTCGCAGTAACT

TACCTTTCTTTGT 

ClosTron intron cassette 

targeting the CSA03335 gene 

Csa xylB - 

1143|1144s-EBS2 

TGAACGCAAGTTTCTAATTTCGAT

TAAATCTCGATAGAGGAAAGTGT

CT 

ClosTron intron cassette 

targeting the CSA03335 gene 

Cbei rnfC - 784s-

IBS 

AAAAAAGCTTATAATTATCCTTAG

TTGTCGTACAAGTGCGCCCAGATA

GGGTG 

ClosTron intron cassette 

targeting the CBEI2449 gene 

Cbei rnfC - 784s-

EBS1d 

CAGATTGTACAAATGTGGTGATA

ACAGATAAGTCGTACAAAATAAC

TTACCTTTCTTTGT 

ClosTron intron cassette 

targeting the CBEI2449 gene 

Cbei rnfC - 784s-

EBS2 

TGAACGCAAGTTTCTAATTTCGAT

TACAACTCGATAGAGGAAAGTGT

CT 

ClosTron intron cassette 

targeting the CBEI2449 gene 

Cac upp - 84|85a-

IBS primer 

AAAAAAGCTTATAATTATCCTTAA

TATACCTCGCAGTGCGCCCAGATA

GGGTG 

ClosTron intron cassette 

targeting the CAC2879gene 

Cac upp - 84|85a-

EBS1d 

CAGATTGTACAAATGTGGTGATA

ACAGATAAGTCCTCGCATCTAACT

TACCTTTCTTTGT 

ClosTron intron cassette 

targeting the CAC2879gene 

Cac upp - 84|85a-

EBS2 

TGAACGCAAGTTTCTAATTTCGGT

TTATATCCGATAGAGGAAAGTGTC

T 

ClosTron intron cassette 

targeting the CAC2879gene 
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Table 9.4. List of primers used for the molecular check of ClosTron and clean deletion 

mutants. Sequencing reactions of the regions with insertions or deletions were 

performed using the same primers as for the ClosTron mutations check. Restriction sites 

used for cloning are underlined and specific enzymes are indicated in the description. 

 

Name Sequence (5’  3’) Description 

pyrE rev GTGCCTTAACATCTAAGTTGAG  primer for the sequencing 

check of the 

C. acetobutylicum ΔpyrE strain 

pyrE fwd GCACAATTGTATTTGGACTTC  primer for the sequencing 

check of the 

C. acetobutylicumΔpyrE strain 

pMTL-

ME3check fwd 

CGGCCGCTGTATCCATATGACC Check primers for sequencing 

of the clean deletion cassettes 

on the pMTL-ME3 plasmid 

pMTL-

ME3check rev 

GCTGCAAGGCGATTAAGTTGGG Check primers for sequencing 

of the clean deletion cassettes 

on the pMTL-ME3 plasmid 

LHA araK fwd TTTTTTGAATTCACAACAGATAAG

CCTGTAATATTTG 

Creation of the pJL3 plasmid, 

left homology arm, EcoRI 

LHA araK rev AATTTTACTTTTACAATTTTAAAA

CCCCTTCCC 

Creation of the pJL3 plasmid, 

left homology arm 

RHA araK fwd GGGGTTTTAAAATTGTAAAAGTA

AAATTTAGAAG 

Creation of the pJL3 plasmid, 

right homology arm 

RHA araK rev TTTTTTTCTAGATTAGTACTAGTA

GAAACGGCAGAAC 

Creation of the pJL3 plasmid, 

right homology arm, XbaI 

LHA xylB fwd TTTTTTGAATTCTATGAGTAATCTT

CTTCAATATC 

Creation of the pJL4 plasmid, 

left homology arm, EcoRI 

LHA xylB rev TTTGATTGTGAGGTAAATAGTTAA Creation of the pJL4 plasmid, 
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AAGTAG left homology arm 

RHA xylB fwd TACTTTTAACTATTTACCTCACAA

TCAAAC 

Creation of the pJL4 plasmid, 

right homology arm 

RHA xylB rev TTTTTTCCATGGAAAGAAGGAGAT

AAATTAGCTAATG 

Creation of the pJL4 plasmid, 

right homology arm, NcoI 

 

 

Table 9.5. List of primers used for the molecular check of ClosTron and clean deletion 

mutants. Sequencing reactions of the regions with insertions or deletions were 

performed using the same primers as for the ClosTron mutations check. Additionally, 

all ClosTron mutants were examined for the presence of a correctly integrated RAM 

cassette with RAM primers, and all C. acetobutylicum samples were checked for the 

pSOL presence. An additional pair of check primers used to determine the species 

(161V and 630R) was used prior to the mutation process. 

 

Name Sequence (5’  3’) Description 

RAM forward ACGCGTTATATTGATAAAAATAA

TAATAGTGGG 

RAM cassette check for the 

correct integration site 

RAM reverse ACGCGTGCGACTCATAGAATTAT

TTCCTCCCG 

RAM cassette check for the 

correct integration site 

hsdR1 fwd TGCGTCAATGCTTAAGATGCGTA

TG 

Check primers for the 

ClosTronC. saccharobutylicum 

hsdR1::int mutant 

hsdR1 rev TCATCCGCCATTCTTCCAAATAT

TC 

Check primers for the ClosTron 

C. saccharobutylicumhsdR1::int 

mutant 

hsdR2 fwd GGGAGAACGTGATTCTTTAAATG

AG 

Check primers for the ClosTron 

C. saccharobutylicumhsdR2::int 

mutant 
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hsdR2 rev TAGTCCAATCTACGACATAGTTA

TC 

Check primers for the ClosTron 

C. saccharobutylicum hsdR2::in

t mutant 

pkt check 1 fwd ATGTATGGCAGCAGGATCATAA

TGG  

Check primers for the ClosTron 

C. acetobutylicum pkt::1int 

mutant 

pkt check 1 rev TGAAGGATTGTAACAGCTGCCA

AAG  

Check primers for the ClosTron 

C. acetobutylicum pkt::1int 

mutant 

pkt check 2 fwd GTTGGAGACGGAGAGGCAGAAA

CAG 

Check primers for the ClosTron 

C. acetobutylicum pkt::2int 

mutant 

pkt check 2 rev TGGCCACTTTGGTCGTGAACAAT

CG 

Check primers for the ClosTron 

C. acetobutylicumpkt::2int 

mutant 

Cac araK check 

fwd 

ATTTCGGGAAGGGGTTTTAAAAT

TG 

Check primers for the ClosTron 

C. acetobutylicumaraK::int 

mutant  

Cac araK check 

rev 

GATTTAATCTGATAATCTTCTAA

ATTTTAC 

Check primers for the ClosTron 

C. acetobutylicumaraK::int 

mutant 

Cac xylB check 

fwd 

ACTCTTTAAATAAAAGCGCTCCT

AC 

Check primers for the ClosTron 

C. acetobutylicumxylB::int 

mutant 

Cac xylB check 

rev 

AAAATTAAGGGGGTTTGATTGTG Check primers for the ClosTron 

C. acetobutylicumxylB::int 

mutant 

Csa araK check 

fwd 

TGTCTTAGGGAAACCGTTTACTG Check primers for the ClosTron 

C. saccharobutylicumaraK::int 

mutant 
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Csa araK check 

rev 

AAATTATCCACTGCTGCCTGTTC Check primers for the ClosTron 

C. saccharobutylicumaraK::int 

mutant 

Csa xylB check 

fwd 

AATCCTGTTAAAGCTGGGTTTC Check primers for the ClosTron 

C. saccharobutylicum xylB::int 

mutant  

Csa xylB check 

rev  

TGCGAGTCGAGCTTCCTATGATG Check primers for the ClosTron 

C. saccharobutylicum xylB::int 

mutant 

Cbei rnfC check 

fwd 

GAGGTTTGTGAGGCGATTATTAA

TG 

Check primers for the ClosTron 

C. beijerinckii rnfC::intmutant 

Cbei rnfC check 

rev 

TTCTTGTACTCCAATTTCGGAAC

TC 

Check primers for the ClosTron 

C. beijerinckii rnfC::intmutant 

Cac araK clean 

deletion check 

fwd 

GATCCAGGTTTATTAGGACATAT

TG 

Check primers for clean deletion 

of the C. acetobutylicum araK 

gene 

Cac araK clean 

deletion check 

rev 

TAGTACCATTGCAGGTACCATAG Check primers for clean deletion 

of the C. acetobutylicum araK 

gene 

Cac xylB clean 

deletion check 

fwd 

TCCATTGTAAGCATCTACTACTG Check primers for clean deletion 

of the C. acetobutylicum xylB 

gene  

Cac xylB clean 

deletion check 

rev 

GGGGGAACAACAATAAAAATGG Check primers for clean deletion 

of the C. acetobutylicum xylB 

gene 

pSOL check fwd CCCAAGGCTGGTGATTGGTGGTT

AC 

Check primers for the presence 

of the pSOL1 megaplasmid 

pSOL check rev TTTGGCCAGGAACTGGAGATTG

AGG 

Check primers for the presence 

of thepSOL1 megaplasmid 

161V AGAGTTTGATYMTGGCTC Check primers for the species 
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determination sequencing 

630R CAKAAAGGAGGTGATCC Check primers for the species 

determination sequencing 

 

 

Table 9.6. List of primers used to create complementation plasmids for ClosTron araK 

and xylB mutants in C. acetobutylicum and C. saccharobutylicum. Restriction sites used 

for cloning are underlined and specific enzymes are indicated in the description. 

 

Name Sequence (5’  3’) Description 

ME6X +pfdx 

check fwd 

AAAGATAGAATTAATGAGTAC

TATAAAG 

Check primers for sequencing of 

the complementation cassettes on 

the pMTL-ME6X plasmid, with 

pfdxregion 

ME6X check fwd TGTAGTAGCCTGTGAAATAAGT

AAG 

Check primers for sequencing of 

the complementation cassettes on 

the pMTL-ME6X plasmid, 

without pfdx region 

ME6X check rev AATGTGCCTTAACATCTAAGTT

GAG 

Check primers for sequencing of 

the complementation cassettes on 

the pMTL-ME6X plasmid 

pJL5.1 fwd TTTTTTCATATGCGGGAAGGGG

TTTTAAAATTG 

Creation of the complementation 

plasmid pJL5.1, NdeI 

pJL5.2 fwd TTTTTTGCGGCCGCGTTATATG

GAAGAGGGAACTATTAC 

Creation of the complementation 

plasmid pJL5.2, NotI 

pJL5 rev TTTTTTCCATGGATCAATCCTTT

CGGCAATTACTTAG 

Creation of the complementation 

plasmid pJL5, NcoI 

pJL6.1 fwd TTTTTTGAATTCGGTTTGATTGT

GAGGTATTTATTAG 

Creation of the complementation 

plasmid pJL6.1, EcoRI 
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pJL6.2 fwd TTTTTTGCGGCCGCTGGAGGAG

TATCAAAGGCTGGAATG 

Creation of the complementation 

plasmid pJL6.2, NotI 

pJL6 rev TTTTTTGCTAGCAAAGCGCTCC

TACTTTTAAC 

Creation of the complementation 

plasmid pJL6, NheI 

pJL7.1 fwd TTTTTTCATATGATTTTGAGAG

GAGGTCTTTTTATTG 

Creation of the complementation 

plasmid pJL7.1, NdeI 

pJL7 rev TTTTTTGCTAGCCATGCTGTAA

TGGTCTATAATCAAC 

Creation of the complementation 

plasmid pJL7.1, NheI 

pJL8.1 fwd TTTTTTCATATGGTTAAGGGAT

AGATTTGAATTTAGG 

Creation of the complementation 

plasmid pJL8.1, NdeI 

pJL8.2 fwd TTTTTTGCGGCCGCGGTTATAT

GGTTAAGCACATGATAG 

Creation of the complementation 

plasmid pJL8.2, NotI 

pJL8 rev TTTTTTGCTAGCACAGTTACAC

TTTGCATGATACC 

Creation of the complementation 

plasmid pJL8, NheI 

 

 

Table 9.7. List of primers used to perform the RLM-RACE experiments to map the 

promoter regions upstream of chosen genes. For each promoter region two primers were 

designed and named ‘in’ and ‘out’, according to the specifications of the manufacturer.  

 

Name Sequence (5’  3’) Description 

RACE5'in CAC1344 TCACCTGTTAGCTGCCA

ATG 

Primers for RLM-RACE 

promoter mapping upstream of 

the C. acetobutylicum araK gene 

RACE5'out CAC1344 CCTGCTAGTAACACCTT

TGG 

Primers for RLM-RACE 

promoter mapping upstream of 

the C. acetobutylicum araK gene 
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RACE5' in CAC2612 AGGGTGAAACCCGTTAA

TGC 

Primers for RLM-RACE 

promoter mapping upstream of 

the C. acetobutylicum xylB gene 

RACE5'out CAC2612 CTGAGTACCACTAGCAT

CTG 

Primers for RLM-RACE 

promoter mapping upstream of 

the C. acetobutylicum xylB gene 

RACE5'in CAC1341 TCAATACCGCTAACATT

CCC 

Primers for RLM-RACE 

promoter mapping upstream of 

the C. acetobutylicum araD gene 

RACE5'out CAC1341 GCCCAAGGTGAATGTGT

ATG 

Primers for RLM-RACE 

promoter mapping upstream of 

the C. acetobutylicum araD gene 

RACE5'in CSA31340 AAGCCCATGCATCTGAC

CAC 

Primers for RLM-RACE 

promoter mapping upstream of 

the C. saccharobutylicum xylB 

gene 

RACE5'out CSA31340 CTGCATACCACTAGCAT

CTG 

Primers for RLM-RACE 

promoter mapping upstream of 

the C. saccharobutylicum xylB 

gene 
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Table 9.8. Fermentation profile of the C. acetobutylicum wild type, araK::int and 

xylB::int mutant strains in CGM medium supplemented with 5% of monosaccharide: 

glucose (278 mM), xylose or arabinose (333 mM). Samples were taken in the 

solventogenic phase of growth, at 101 hours after the inoculation time. Results are 

shown with the computed acetate:butyrate (Ac:Bt) ratio. 

 

 
 

Butanol Acetone Ethanol Butyrate Acetate 
Ac:Bt 

ratio 

  (mM)  

Glucose 

WT 122.21 70.31 14.50 6.08 16.62 2.73 

araK::int 28.33 16.03 2.29 26.51 28.26 1.07 

xylB::int 81.98 53.58 7.47 9.33 25.36 2.72 

Xylose 

WT 24.31 11.74 3.22 25.41 32.11 1.26 

araK::int 12.89 6.65 2.39 30.09 34.71 1.15 

Arabinose 

WT 106.35 101.50 17.79 3.44 23.90 6.95 

xylB::int 97.18 94.60 19.45 3.55 16.99 4.79 
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Table 9.9. Growth, xylose consumption and fermentation profile of the first, 

representative phosphate-limited continuous culture. Changes in pH, OD (nm=600), 

xylose (mM), acid and solvent concentrations (mM) during the transition from 

acidogenesis to solventogenesis are separated with dotted lines, and the changes in pH 

values are marked in bold font. 

 

pH time  OD  Xylose Butanol Acetone 

 

Ethanol Butyrate Acetate 

 (h) 600nm (mM) 

5.7 12 3.47 132.46 0.53 1.52 1.48 24.02 0.75 

5.7 24 5.26 128.88 3.20 0.46 2.34 52.85 0.00 

5.7 48 5.22 136.05 0.24 0.30 2.16 51.95 3.48 

5.7 72 4.40 130.01 0.40 0.00 2.64 67.18 7.12 

5.7 96 3.70 125.48 0.00 0.52 3.03 72.13 8.24 

5.7 108 3.58 125.48 0.63 0.00 3.19 75.59 10.68 

5.7 120 3.01 114.91 1.13 0.95 3.96 77.69 9.35 

5.7 144 3.06 109.25 1.76 1.11 4.14 77.78 7.13 

5.5 144.8 3.17 110.01 2.01 1.19 4.27 79.90 6.26 

5.2 147 3.01 115.10 2.29 1.47 4.06 79.04 8.70 

4.9 151.7 3.05 129.63 3.99 5.05 3.77 70.88 4.82 

4.7 156.7 2.62 142.84 11.18 9.13 3.16 45.26 2.51 

4.5 163.7 1.92 170.58 30.15 22.32 3.91 8.62 5.57 

4.5 192 2.59 150.95 27.37 21.32 4.48 9.84 6.32 

4.5 216 2.96 152.65 27.51 18.50 4.48 13.11 5.35 

4.5 228 2.92 156.62 20.59 16.72 4.17 13.17 6.99 

4.5 240 3.05 161.33 25.72 18.22 4.29 16.34 4.39 
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