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1. Introduction 

Availability of petroleum around the world is currently limited. According to some 

projections, petroleum reserves could be depleted by 2050, so new renewable energy sources 

are needed. Biodiesel constitutes a good alternative for petroleum-based combustibles, 

because of its sustained availability, biodegradability, and clean production regarding CO2 

balance (da Silva et al. 2009). Therefore, diesel engines are promoted in Colombia for the 

new urban transportation systems and for many particular vehicles, where mixtures of diesel 

and 2-5 % biodiesel can be used as a fuel. Such mixtures are necessary and decreed by the 

government, as the national production of petroleum-diesel could not cope with the current 

fuel demand (Benjumea et al. 2003). Biodiesel can be produced from different vegetal oils, 

composed of triglycerides, by transesterification with methanol or ethanol using a catalyst, 

such as NaOH or KOH (Fig. 1). In Colombia, biodiesel is mainly produced from palm oil, 

because of the favorable agricultural conditions for African oil palm growing. Currently, more 

than 340,000 ha African oil palm are cultivated in the country, leading to an annual 

production of approx. 486,000 tons biodiesel. In this way, Colombia is the second biggest 

producer of biofuels in Latin-America (UCE Consortium 2011).  

Biodiesel production is associated with the generation of glycerol as the main by-product, so 

in large commercial scale enormous quantities of raw glycerol are accumulated. Nevertheless, 

this effluent is often treated as an industrial waste water, as its distillation would be too 

expensive compared to the price of pure glycerol (Papanikolaou et al. 2008). The effluent 

contains more than 65 % glycerol, together with soaps, methanol or ethanol, fatty acids, 

mono- and diglycerides, and other organic material. Considering the biodiesel industry in 

Colombia is growing, a direct industrial application for raw glycerol should be found, which 

would improve the profit of biodiesel production and exclude environmental problems 

associated with effluent disposal.  

 

 

Fig. 1: Biodiesel production from vegetable oil (da Silva et al. 2009). 
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For example, it would be very convenient to employ the raw glycerol as substrate for the 

biotechnological production of higher value products, since many microorganisms can use it 

as sole carbon and energy source (Drozdzynska et al. 2011). 

The principal product obtained through glycerol fermentation is 1,3-propanediol (1,3-PD), a 

colorless, non-volatile liquid with a boiling point of 213 ºC, and a water solubility of 100 g/l 

(Drozdzynska et al. 2011). This small compound has evolved from a fine to a bulk chemical 

during the last years, due to the development of new industrial applications and efficient 

production methods through chemical synthesis and biotechnology (Zeng and Biebl 2002). 

1,3-PD is mainly used as a monomer for the production of polymers and textile fibers such as 

polytrimethylene terephthalate (Fig. 2), which is biodegradable and exhibits higher 

mechanical resistance and wash fastness than traditional polyesters. 1,3-PD also finds 

applications as a solvent for adhesives, inks and resins or as an additive for lubricants, 

antifreeze-liquids, detergents and cosmetics. Therefore, the world demand for 1,3-PD is 

currently over 45 million kg per year and is growing rapidly (Saxena et al. 2009).  

Several bacterial species from the genera Klebsiella, Citrobacter, Enterobacter, Clostridium, 

and Lactobacillus are able to produce 1,3-PD from glycerol (Saxena et al. 2009). The 

substrate is metabolized by these bacteria in a dismutation process, including a reductive and 

an oxidative branch (Fig. 3). In the reductive branch, glycerol is dehydrated to 3-

hydroxypropionaldehyde by a glycerol dehydratase and then reduced to 1,3-PD by an NADH-

dependent 1,3-PD dehydrogenase. 

 

 

Fig. 2: Synthesis of polytrimethylene terephthalate from 1,3-Propanediol (Saxena et al. 2009). 
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Fig. 3: Metabolic pathways for bacterial glycerol consumption (Saint-Amans et al. 2001). 

 

In the oxidative branch, glycerol is oxidized by an NAD
+
-dependent glycerol dehydrogenase 

and then phosphorylated by a dihydroxyacetone (DHA) kinase to DHA-P, which enters 

glycolysis and is further metabolized to CO2, H2, carboxylic acids, and solvents (Celińska 

2010). It has been proved that different bacterial strains can use biodiesel-derived raw 

glycerol with minor pretreatment as a substrate for 1,3-PD production, exhibiting similar 

yields to those obtained with pure glycerol (Moon et al. 2010).  

The best 1,3-PD producer worldwide is the recombinant Escherichia coli strain of DuPont 

(DuPont Experimental Station, Wilmington (USA)), which converts the DHA-P derived from 

glucose into glycerol using the genes DAR1 and GPP2 from Saccharomyces cerevisiae 

(encoding glycerol 3-phosphate dehydrogenase and glycerol 3-phosphate phosphatase, 
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respectively) and then reduces glycerol to 1,3-PD using the genes dhaB1, dhaB2, dhaB3, 

dhaBX and orfX from K. pneumoniae (encoding subunits of the glycerol dehydratase and its 

activator) plus the native oxidoreductase YqhD (Nakamura and Whited 2003). Nevertheless, 

1,3-PD production from glucose using this strain does not help to recycle the copious amount 

of raw glycerol arising from the biodiesel industry.  

Within the frame of 1,3-PD research, the Bioprocess and Bioprospecting Group of IBUN 

(Instituto de Biotecnología, Universidad Nacional de Colombia) isolated ten unknown 

solvent-hyperproducing strains of the genus Clostridium from Colombian soils some years 

ago (Montoya et al. 2000). Members of this genus are usually Gram-positive, strictly 

anaerobic, able to form endospores, and unable to perform dissimilatory sulfate reduction. 

Clostridia are also versatile regarding substrate usage, since members of the genus can 

perform either saccharolytic, acidotrophic, proteolytic, or heteroaromaticotrophic 

fermentations (Dürre 2008). The Colombian strains are non-pathogenic and are thought to 

belong to a new species closely related to C. butyricum, according to several biochemical and 

molecular tests (Montoya et al. 2001; Suárez 2004; Jaimes et al. 2006). They do not only 

produce acetone, butanol, and ethanol from glucose, but they can also grow on glycerol as 

substrate in the absence of glucose. Moreover, six of the strains are able to produce 1,3-PD 

with higher yield and/or productivity than the strain C. butyricum DSM 523, one of the best 

natural 1,3-PD producers (Cárdenas et al. 2006).  

Between these six strains, the highest concentration and productivity of 1,3-PD were found 

for the strain Clostridium sp. IBUN 158B, which was isolated from a tomato crop soil. The 

culture medium and fermentation parameters were optimized for this strain, leading to a 1,3-

PD concentration of 27 mM after 24 h cultivation in 40-ml scale. Additionally, fed-batch 

fermentations in 4-l scale were conducted, which led to a dramatic increase in the 1,3-PD 

concentration over time (Aragón 2007). It was also shown that the strain IBUN 158B can 

metabolize raw glycerol from a Colombian biodiesel facility as the only substrate, so that 

similar 1,3-PD values as with pure glycerol are obtained. Regarding fermentation products, 

adjustment of the carbon-to-nitrogen ratio in the medium helped to reduce the proportion of 

butyrate to acetate, but the total concentration of by-products was still higher than it should be 

for efficient 1,3-PD production (Pérez 2009). Even though by-products cannot be completely 

eradicated from the fermentative metabolism, genetic manipulation strategies can help 

increase the yield of 1,3-PD in order to make the process profitable. Therefore, the aim of this 

work was to improve the production of 1,3-PD from glycerol as well as the ratio of 1,3-PD to 

other by-products in the strain Clostridium sp. IBUN 158B by means of genetic engineering. 
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Strategies to improve 1,3-PD production by genetic engineering can be classified as 

inactivation of genes involved in formation of by-products or overexpression of genes directly 

involved in 1,3-PD synthesis (Celińska 2010). Regarding genetic inactivation, potential 

bottlenecks have to be identified in the bacterial metabolism before any strategy can be 

implemented. In this case, the main limitation for 1,3-PD production in Clostridium sp. 

IBUN 158B is the intracellular level of NADH, which is needed for reduction of 3-

hydroxypropionaldehyde to 1,3-PD. NADH is produced during the oxidative metabolism of 

glycerol to pyruvate, but it is later consumed during formation of by-products, such as organic 

acids and solvents. In order to favor 1,3-PD production from glycerol, reactions downstream 

of pyruvate that negatively influence the proportion of ATP synthesis to NADH consumption 

have to be identified, as well as reactions that hinder additional NADH production.  

For instance, production of lactate from pyruvate by a lactate dehydrogenase consumes 

NADH without promoting ATP synthesis. Although four lactate dehydrogenases are encoded 

in the genome of C. acetobutylicum, only one of them is similar to the fermentative lactate 

dehydrogenase of E. coli (LdhA), which is in turn the only enzyme of this species involved in 

anaerobic conversion of pyruvate to lactate. There are several reports on the elimination of 

lactate dehydrogenase activity in E. coli after inactivation of the corresponding ldhA gene 

(Mat-Jan et al. 1989; Bunch et al. 1997; Yang et al. 1999) and even recovering of the activity 

was described after inserting an ldh gene from C. acetobutylicum into one of these mutants 

(Contag et al. 1990). Thus, inhibition of the corresponding ortholog in the strain Clostridium 

sp. IBUN 158B should lead to a significant reduction in lactate production from pyruvate and 

consequently in the amount of NADH consumed by that reaction. 

Additionally, a research group from the INRA (Colin et al. 2001) found that inhibition of 

butyrate production in C. butyricum redirects the oxidative pathway downstream of acetyl-

CoA to acetate, which increases ATP yield from glycerol and NADH availability for the 

reductive pathway. A French-Portuguese team (González-Pajuelo et al. 2005) attempted to 

produce 1,3-PD with a butyrate kinase-knockout mutant of C. acetobutylicum by transforming 

it with the plasmid pSPD5, which bears the 1,3-PD operon of C. butyricum under the control 

of a constitutive promoter. However, they could not reach a high 1,3-PD yield, as 

C. acetobutylicum favors butanol production over 1,3-PD under such circumstances. 

Inhibition of butyrate production by knockout of the hbd gene (3-hydroxybutyryl-CoA 

dehydrogenase) in the strain IBUN 158B would probably rise the production of 1,3-PD, 

because the conversion of acetoacetyl-CoA into butyryl-CoA -and subsequently butyrate or 

butanol- would be avoided in the absence of the corresponding enzyme. 
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On the other hand, the results of several research groups (Kim et al. 1984; Abbad-Andaloussi 

et al. 1995; González-Pajuelo et al. 2005) show an association between the inactivation of 

hydrogenase activity and a rise in ferredoxin-NAD
+
 reductase activity for ferredoxin 

regeneration, leading to a higher NADH production. Genes encoding hydrogenases are 

therefore considered a bottleneck with high potential to influence 1,3-PD production. 

Hydrogenase activity in the metabolism of solventogenic clostridia is mainly due to the 

enzyme hydrogenase I, encoded by the gene hydA in the case of C. acetobutylicum (Gorwa et 

al. 1996). As an example of successful gene inactivation, mutation of a hydA ortholog in 

Desulfovibrio vulgaris through antisense RNA led to 75 % decrease in the amount of 

hydrogen released during fermentation (van den Berg et al. 1991).  

In this way, the first goal of this work was to inactivate the genes encoding the enzymes 

lactate dehydrogenase, 3-hydroxybutyryl-CoA dehydrogenase, and hydrogenase I in the strain 

Clostridium sp. IBUN 158B, in order to increase the available cell concentration of NADH 

for 1,3-PD production. Genetic inactivation can be achieved with the ClosTron mutagenesis 

system, a gene knockout technology specifically suited for clostridia at the Centre for 

Biomolecular Sciences of the University of Nottingham (Heap et al. 2007; Heap et al. 2010). 

The ClosTron mutagenesis system is based on targeted ClosTron plasmids, from which the 

mobile group II intron from the ltrB gene of Lactococcus lactis (Ll.LtrB) can be integrated in 

the target site of the clostridial host’s genome. Target site recognition is achieved by base-

pairing between the intron RNA and the target site DNA, so that target specificity can be re-

programmed by altering the 5'-end sequence of the intron. In addition, the Ll.LtrB intron of 

the ClosTron vectors includes a retrotransposition activated marker (RAM) that is activated 

after integration, allowing specific selection of the resulting integrants.  

The first ClosTron vector that was published is pMTL007, whose structure is shown in 

Fig. 4a. The vector contains the Gram-positive replicon from the C. butyricum plasmid 

pCB102 as well as a ColE1-derived Gram-negative replicon, so that it can be re-programmed 

and preserved in E. coli. Selection of transformants and transconjugants is made with 

thiamphenicol or chloramphenicol, thanks to the presence of the resistance gene catP. 

Additionally, the cassette traJ-oriT from the plasmid RK2 was included to facilitate 

conjugative transfer, because several clostridial species require conjugation. The Ll.LtrB 

intron and its reverse transcriptase gene ltrA were arranged under the control of the IPTG-

inducible Pfac promoter, an artificial promoter obtained by inserting the operator of the E. coli 

lac operon immediately downstream of the constitutive Pfdx promoter of C. pasteurianum. A 

lacI repressor gene was also included under the control of the Pptb promoter of 
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C. acetobutylicum, in order to repress expression of the Ll.LtrB intron in the absence of IPTG. 

Additionally, pMTL007 bears an ermB-RAM gene (for erythromycin resistance) under the 

control of the Pthl promoter of C. acetobutylicum, inserted in the reverse orientation into 

domain IV of the Ll.LtrB intron. This RAM is itself interrupted by the self-splicing group I 

intron td from phage T4 in the forward orientation (Heap et al. 2007). 

In order to knockout a specific clostridial gene with pMTL007, retargeted fragments for each 

potential insertion site have to be ligated between the unique restriction sites HindIII and 

BsrGI at the 5'-end of the Ll.LtrB intron. After transformation or conjugation of the re-

programmed ClosTron plasmid in a clostridial host, expression of the Ll.LtrB intron should 

lead to targeted integration via retrohoming. In this mechanism, intron retrotransposition into 

the DNA target site is mediated by a ribonucleoproteic complex containing the intron-

encoded reverse transcriptase LtrA and the excised lariat RNA from the group II intron 

(Karberg et al. 2001). During expression of the RNA intermediate, the td group I intron is 

spliced out, thereby activating the integrated ermB gene and allowing for integrant selection 

with erythromycin (Heap et al. 2007). 

The pMTL007 vector has presented problems regarding inactivation of certain clostridial 

genes, which could be related to an ineffective induction of the Ll.LtrB intron with IPTG. 

 

 

Fig. 4: Structure of the ClosTron vectors a) pMTL007 and b) pMTL007C-E2 (Heap et al. 2007; 

Heap et al. 2010). 
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Moreover, pMTL007 cannot be used to construct strains with multiple mutations, because its 

ermB-RAM does not allow specific antibiotic selection for clones containing a second intron 

insertion in an already erythromycin-resistant mutant. Therefore, improvement of such 

features in the ClosTron system led to creation of the vector pMTL007C-E2, which is shown 

in Fig. 4b. This vector expresses the Ll.LtrB intron under the control of the constitutive Pfdx 

promoter of C. sporogenes, so the repressor gene lacI is no longer necessary. Additionally, its 

ermB-RAM gene is flanked by directly repeated FLP Recognition Target (FRT) sites that 

allow removal of the marker from the chromosome with an FLP recombinase, so that further 

genes can be inactivated in the same strain using the same ClosTron vector. The targeting 

region between the restriction sites HindIII and BsrGI of pMTL007C-E2 also contains a 

lacZα gene, so that retargeted plasmids can be identified by blue-white screening (Heap et al. 

2010). 

Once genetic inactivation in Clostridium sp. IBUN 158B has been achieved, performance of 

the resulting mutants could be further enhanced by heterologous overexpression of genes 

directly involved in 1,3-PD synthesis in the strain Clostridium sp. IBUN 13A, the second best 

1,3-PD producer from the group of Colombian strains (Cárdenas et al. 2006). In a previous 

work, primers for the genes encoding glycerol dehydratase (dhaB1), its activator protein 

(dhaB2), and 1,3-PD dehydrogenase (dhaT) were designed based on the coding sequences 

reported for C. butyricum VPI 1718 (Raynaud et al. 2003). By means of PCR and sequencing, 

it was found that the corresponding genes are placed in the order dhaB1-dhaB2-dhaT directly 

next to each other on the genome of Clostridium sp. IBUN 13A, with 97 % similarity to the 

corresponding genes of C. butyricum (Montoya 2008). Nevertheless, in order to design a 

suitable overexpression strategy for these genes, it is also important to investigate the 

genomic region where they are located. Therefore, the second goal of this work was to further 

characterize the genes directly involved in 1,3-PD synthesis from glycerol in the strain 

Clostridium sp. IBUN 13A. Most of all, it would be important to sequence the intergenic 

regions upstream of the dhaB1 gene and downstream of the dhaT gene, and to look for 

promoter or terminator structures in such regions.  

After the transcriptional elements of the genes involved in the glycerol reductive pathway of 

Clostridium sp. IBUN 13A have been characterized, overexpression can be achieved by 

cloning these genes in an E. coli-Clostridium sp. shuttle vector, such as the ClosTron vectors 

exposed in Fig. 4. Natural regulation could be avoided by cloning the genes under the control 

of a constitutive promoter suitable for the Colombian clostridial strains, such as the Pfdx 

promoter present in the pMTL007C-E2 vector. Additionally, this vector offers the advantage 
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of being conjugative (Heap et al. 2010). The resulting overexpression plasmid could then be 

introduced in the mutants of Clostridium sp. IBUN 158B obtained previously, which 

constituted the third goal of the present work.  

In order to evaluate the influence of the implemented genetic engineering strategies on 1,3-PD 

production of the strain Clostridium sp. IBUN 158B, substrate consumption and production 

profiles of all derived strains have to be analyzed and compared to the profile of the wild type 

(WT) strain, which was the last goal of this doctoral thesis. Therefore, batch fermentations of 

every strain can be conducted using the glycerol medium optimized in Colombia for 1,3-PD 

production from pure glycerol in laboratory scale (Aragón 2007; Pérez 2009). Determination 

of the concentration of glycerol, 1,3-PD, and by-products in each culture through the different 

growth phases should allow analysis of the influence of every introduced change on the 1,3-

PD yield and carbon balance of the strain IBUN 158B. In this way, conclusions can be drawn 

about the applicability of the genetically modified strains for the industrial production of 1,3-

PD from pure glycerol, with the long-term aim of switching the substrate to biodiesel-derived 

raw glycerol. 
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2. Materials and Methods 

2.1. Microorganisms, plasmids and primers 

2.1.1. Bacterial strains 

The bacterial strains used in this work are listed in Table 1. 

 

2.1.2. Plasmids 

The vectors and plasmids constructed and used in this work are presented in Table 2. 

 

Table 1: Bacterial strains used in this work. 

Strain Relevant geno- or phenotype* Reference/Origin 

Escherichia coli 

XL1-Blue MRF' 

Δ(mcrA)183, Δ(mrr-hsdRMS-mcrBC)173, endA1, 

supE44, thi-1, recA1, gyrA96, relA1, lac [F´ proAB 

lacI
q
ZΔM15 Tn10 (Tet

R
)] 

Stratagene GmbH, 

Braunschweig 

Escherichia coli 

DH5α 

F
-
, endA1, hsdR17 (rk

-
, mk

-
), supE44, thi-1, λ-, 

recA1, gyrA96, relA1, φ80dlacZΔM15 

Hanahan 1983 

Escherichia coli 

CA434 

hsdS20 (r-B, m-B), supE44, thi-1, recAB, ara-14, 

leuB5proA2, lacY1, galK, rpsL20 (Str
R
), xyl-5, mtl-

1 including the conjugative plasmid R702 (Tet
R
, 

Sm
R
, Su

R
, Hg

R
, Tra

+
, Mob

+
) 

Purdy et al. 2002 

Clostridium sp. 

IBUN 13A 

Type strain (Clostridium Cluster I, isolated from 

potato crop soil in Colombia) 

Montoya et al. 2001 

Clostridium sp. 

IBUN 158B 

Type strain (Clostridium Cluster I, isolated from 

tomato crop soil in Colombia) 

Montoya et al. 2001 

Clostridium sp. 

IBUN 158B    

ldhA-508s::Ll.LtrB 

Type strain with Ll.LtrB intron integration at the 

position 508s of the ldhA gene 

This study 

Clostridium sp. 

IBUN 158B    

hydA-420s::Ll.LtrB 

Type strain with Ll.LtrB intron integration at the 

position 420s of the hydA gene 

This study 

Clostridium sp. 

IBUN 158B     

hbd-414s::Ll.LtrB 

Type strain with Ll.LtrB intron integration at the 

position 414s of the hbd gene 

This study 

* Standard genotype abbreviations for E. coli (Berlyn 1998). 
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Table 2: Vectors and plasmids constructed and used in this work. 

Plasmid Size (bp) Characteristics Reference/Origin 

pDrive 3,851 pMB1 ori (rep), f1 ori, Ap
R
 (bla), Km

R
 

(aph), lacPOZ' for blue/white screening 
Qiagen GmbH, 

Hilden 

pJet1.2 2,974 pMB1 ori (rep), Ap
R
 (bla), PlacUV5, PT7, 

eco47IR' (suicide vector) 
Fermentas GmbH, 

St. Leon-Rot 

pMTL007 11,845 ColE1 ori, pCB102 ori (repH), oriT 

(traJ), Cm
R
 (catP), lacI, Pfac, 

Ll.LtrB::ermB::td, ltrA 

Heap et al. 2007 

pMTL007C-E2 8,925 ColE1 ori, pCB102 ori (repH), oriT 

(traJ), Cm
R
 (catP), Pfdx, lacZα, 

Ll.LtrB::FRT-ermB-FRT::td, ltrA 

Heap et al. 2010 

 

pDrive_LdhA-1 4,527 pDrive carrying an ldhA fragment of 

Clostridium sp. IBUN 158B amplified 

using LdhA-F1 / LdhA-R1 

This study 

pDrive_LdhA-2 4,364 pDrive carrying an ldhA fragment of 

Clostridium sp. IBUN 158B amplified 

using LdhA-F2 / LdhA-R2 

This study 

pDrive_HydA-1 4,855 pDrive carrying a hydA fragment of 

Clostridium sp. IBUN 158B amplified 

using HydA-F1 / HydA-R2 

This study 

pDrive_Hbd-1 4,602 pDrive carrying an hbd fragment of 

Clostridium sp. IBUN 158B amplified 

using Hbd-F1 / Hbd-R1 

This study 

pDrive_Hbd-2 4,566 pDrive carrying an hbd fragment of 

Clostridium sp. IBUN 158B amplified 

using Hbd-F3 / Hbd-R2 

This study 

pDrive_AF1-BR1 4,309 pDrive carrying a genomic fragment of 

Clostridium sp. IBUN 13A amplified 

using dhaA-3'-F1 / dhaB1-5'-R1 

This study 

pDrive_TF2-CR1 4,394 pDrive carrying a genomic fragment of 

Clostridium sp. IBUN 13A amplified 

using dhaT-3'-F2 / ahpC-5'-R1 

This study 

pDrive_TerF1-CR3 4,146 pDrive carrying a genomic fragment of 

Clostridium sp. IBUN 13A amplified 

using TerF1 / ahpC-5'-R3 

This study 

pJet_AF1-BR2 3,598 pJet1.2 carrying a genomic fragment of 

Clostridium sp. IBUN 13A amplified 

using dhaA-3'-F1 / dhaB1-5'-R2 

This study 

pJet_AF1-BR3 3,480 pJet1.2 carrying a genomic fragment of 

Clostridium sp. IBUN 13A amplified 

using dhaA-3'-F1 / dhaB1-5'-R3 

This study 
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Table 2: Vectors and plasmids constructed and used in this work (continued). 

Plasmid Size (bp) Characteristics Reference/Origin 

pJet_13-PD-13A 7,752 pJet1.2 carrying the 1,3-PD-Locus of 

Clostridium sp. IBUN 13A under the 

control of PlacUV5 

This study 

pMTL007C-E2_13PD-13A 10,255 pMTL007C-E2 carrying the 1,3-PD-

Locus of Clostridium sp. IBUN 13A 

under the control of Pfdx (instead of 

Ll.LtrB::FRT-ermB-FRT::td and ltrA) 

This study 

 

2.1.3. Primers 

The primers used in this work are listed in Table 3. Primers were synthesized by biomers.net 

GmbH (Ulm). Where required, restriction sites added at the 5'-end are underlined in bold. 

 

Table 3: Primers used in this work. 

Primer Sequence (5'→3') Restriction 

site 

dhaA-3'-F1 TAGTAGGAGTGACACCATCAGCC  

dhaB1-5'-R1 TGCCCTTTCTGACTCAACACATGG  

dhaB1-5'-R2 CAGGAAATACTTGTGAAGACCTTGG  

dhaB1-5'-R3 AATTGCTGGCTGGCCTTCTG  

dhaT-3'-F2 GTAATGGAAGCAGCAGAGAAAGCC  

ahpC-5'-R1 TACAAACACTGACCAGTGACCC  

ahpC-5'-R3 CTAAATCTCCTAATTCTGTTGGGC  

TerF1 GTATTAAACTTAGCTTGTTCTTTGTTG  

M13 uni (-43) AGGGTTTTCCCAGTCACGACGTT  

MluI-13PD-F2 CGACGCGTGAATGTGATTGGAGGAGTAAAAATG MluI 

AatII-13PD-R2 TAGACGTCCCTCCTGAGTTTTATTATTAATTG AatII 

PMTL007C-E2-F2 GTACAATCTGTAGGAGAACCTATG  

PMTL007C-E2-R1 GTAGTCGATAGTGGCTCCAAGTAG  

PATB
1 

GGAATTGCTGCAACACATGAAGG  

1
 Raynaud et al. 2003. 
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Table 3: Primers used in this work (continued). 

Primer Sequence (5'→3') Restriction 

site 

C1 GACAGAGGAAACAAGAGAGG  

F1 TTGCAGGATATAGTGCACAG  

G1 CTTGGGATTCTGGATTACTG  

H1 AGCTACTATTGGTGGCAATG  

I1 CTTGTTCTTTGTTGTTAGCC  

pJet1-FP
2 

ACTACTCGATGAGTTTTCGG  

pJet1-RP
2 

TGAGGTGGTTAGCATAGTTC  

LdhA-F1 CTGCCATGGATTGTCTTTAT  

LdhA-F2 AGTCATTGTAATACAGCCCG  

HydA-F1 GCACCAAATATAACTCCAGC  

Hbd-F1 CTGCAAAAGGTTGTGAAGTA  

Hbd-F3 TGTACTTGGTGCAGGAACTATGGG  

LdhA-R1 ACCTAGCAGTGTTGCAGATT  

LdhA-R2 CTTATTCACCTAGCAGTGTTGCAG  

HydA-R2 GATGAGAGTGGCAGCTTTAC  

Hbd-R1 TCTACCTAACCAACCAGCTC  

Hbd-R2 CGTCCATTATAGCTAAACATACAT  

EBS Universal
3 

CGAAATTAGAAACTTGCGTTCAGTAAAC  

IBS-ldhA-423s AAAAAAGCTTATAATTATCCTTAAAAGACCTTAAAGT

GCGCCCAGATAGGGTG 

HindIII 

EBS1d-ldhA-423s CAGATTGTACAAATGTGGTGATAACAGATAAGTCCTT

AAAAATAACTTACCTTTCTTTGT 

BsrGI 

EBS2-ldhA-423s TGAACGCAAGTTTCTAATTTCGATTTCTTTTCGATAGAG

GAAAGTGTCT 

 

IBS-ldhA-508s AAAAAAGCTTATAATTATCCTTAGTAATCTTATTGGTG

CGCCCAGATAGGGTG 

HindIII 

2
 Fermentas GmbH, St. Leon-Rot; 

3
 Heap et al. 2007. 
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Table 3: Primers used in this work (continued). 

Primer Sequence (5'→3') Restriction 

site 

EBS1d-ldhA-508s CAGATTGTACAAATGTGGTGATAACAGATAAGTCTTA

TTGCTTAACTTACCTTTCTTTGT 

BsrGI 

EBS2-ldhA-508s TGAACGCAAGTTTCTAATTTCGATTATTACTCGATAGA

GGAAAGTGTCT 

 

IBS-hydA-420s AAAAAAGCTTATAATTATCCTTAAGTAACTCAATAGTG

CGCCCAGATAGGGTG 

HindIII 

EBS1d- hydA-420s CAGATTGTACAAATGTGGTGATAACAGATAAGTCTCA

ATAACTAACTTACCTTTCTTTGT 

BsrGI 

EBS2- hydA-420s TGAACGCAAGTTTCTAATTTCGATTTTACTTCGATAGA

GGAAAGTGTCT 

 

IBS-hydA-757s AAAAAAGCTTATAATTATCCTTATTACTCGTAAGTGTG

CGCCCAGATAGGGTG 

HindIII 

EBS1d-hydA-757s CAGATTGTACAAATGTGGTGATAACAGATAAGTCGTA

AGTTATAACTTACCTTTCTTTGT 

BsrGI 

EBS2-hydA-757s TGAACGCAAGTTTCTAATTTCGGTTAGTAATCGATAGA

GGAAAGTGTCT 

 

IBS-hbd-192s AAAAAAGCTTATAATTATCCTTAGACAACGAAGAAGT

GCGCCCAGATAGGGTG 

HindIII 

EBS1d-hbd-192s CAGATTGTACAAATGTGGTGATAACAGATAAGTCGAA

GAAATTAACTTACCTTTCTTTGT 

BsrGI 

EBS2-hbd-192s TGAACGCAAGTTTCTAATTTCGATTTTGTCTCGATAGA

GGAAAGTGTCT 

 

IBS-hbd-414s AAAAAAGCTTATAATTATCCTTAATAGGCATGCATGTG

CGCCCAGATAGGGTG 

HindIII 

EBS1d-hbd-414s CAGATTGTACAAATGTGGTGATAACAGATAAGTCATG

CATTTTAACTTACCTTTCTTTGT 

BsrGI 

EBS2-hbd-414s TGAACGCAAGTTTCTAATTTCGGTTCCTATCCGATAGA

GGAAAGTGTCT 

 

pMTL007-R1
3 

AGGGTATCCCCAGTTAGTGTTAAGTCTTGG  

ErmRAM-F
3 

ACGCGTTATATTGATAAAAATAATAATAATAGTGGG  

ErmRAM-R
3 

ACGCGTGCGACTCATAGAATTATTTCCTCCCG  

3
 Heap et al. 2007. 
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Table 3: Primers used in this work (continued). 

Primer Sequence (5'→3') Restriction 

site 

ltrA-F
4 

TAGATGATACAGCGGATGG  

ltrA-R
4 

CTGGACTTTCTCGGTCAAACTTC  

E321-F
5 

ACTGAGACACGGYCCA  

E1063-R
5 

CTCACGRCACGAGCTGACG  

LdhA-508s-F1 GCAGATTATGCTATTATGATGATAC  

LdhA-508s-R1 AATACATTGTCTCTCATTTC  

HydA-420s-F1 GAGAGTGGCAGCTTTACTTGAC  

HydA-420s-R1 ACATGCGGCTACACATTGAC  

Hbd-192s-F1 ACTTGGTGCAGGAACTATGG  

Hbd-192s-R1 AGTTTCTGGTTTACAGATTTC  

Hbd-414s-F1 ATTAGCTGCTGACTGCGATTTAGTAG  

Hbd-414s-R1 CTGTTTACAACAAATCCTGGTGCTTC  

4
 Standfest, unpublished; 

5
 Brändel 2012. 

 

2.2. Bacterial culture methods 

2.2.1. Culture media 

2.2.1.1. General guidelines 

In order to prepare culture media, reagents were weighed according to the corresponding 

composition (section 2.4.1.2.) and the beakers were filled up with deionized, UV-treated and 

ultrafiltered water. For solid media, agar was added for a final concentration of 1.5 %. Media 

were then filled in tubes or flasks, according to the desired final volume, and sealed with 

metal caps or aluminum foil. Sealed containers were autoclaved for at least 15 min at 121 ºC 

and 1.2 bar of pressure. Media with agar were allowed to cool down to app. 50 ºC and poured 

on sterile plastic plates in the laminar flow box. Poured agar plates were allowed to solidify 

for 15 min and stored in sealed plastic bags at 4 ºC upside down. 

Anaerobic media were prepared in the anaerobic chamber, where the atmosphere is composed 

of 95 % N2 and 5 % H2 (forming gas). For anaerobic media whose pH-value did not have to 
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be adjusted, the beakers were transferred to the anaerobic chamber and filled up with 

anaerobic water, which is obtained by boiling deionized water for 20 min and sparging N2 

through the water during cooling. Resazurin was added to anaerobic media as an indicator of 

anaerobiosis (under anaerobic conditions, resazurin is reduced to the colorless 

dihydroresorufin; under aerobic conditions it is reoxidized to resorufin, giving the medium a 

pink color). Media were then filled in Hungate tubes or glass flasks and tightly sealed with 

rubber stoppers and screw caps in the anaerobic chamber. After autoclaving, heat labile 

components were injected in every tube or flask through sterile filters. Anaerobic media with 

agar were transferred again to the anaerobic chamber, poured on sterile plastic plates and 

allowed to solidify overnight before storing anaerobically at 4 ºC upside down.  

 

2.2.1.2. Media composition 

Aerobic cultivation of E. coli was made in LB (“Luria Bertani” or lysogeny broth): 

 

LB (lysogeny broth) -modified- (Bertani 1951)  

Tryptone   10 g  1 % (w/v) 

Yeast extract     5 g  0.5 % (w/v) 

NaCl    10 g  0.17 M 

H2O   ad 1,000 ml 

 

For preparation of E. coli chemically competent cells, SOB (super optimal broth) was used: 

 

SOB (super optimal broth) -modified- (Sun et al. 2009) 

Tryptone    20 g     2 % (w/v) 

Yeast extract      5 g     0.5 % (w/v) 

NaCl       0.5 g    8.6 mM 

KCl   190 mg    2.5 mM 

MgCl2 (2 M)
*

      5 ml   10 mM 

H2O   ad 1,000 ml 

* Sterile solution added after autoclaving. 
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Regeneration steps during transformation of E. coli were made in SOC medium: 

 

SOC (super optimal broth for catabolite repression) -modified- (Sun et al. 2009) 

Tryptone    20 g     2 % (w/v) 

Yeast extract      5 g     0.5 % (w/v) 

Glucose · H2O      4 g   20 mM 

NaCl       0.5 g    8.6 mM 

KCl   190 mg    2.5 mM 

MgCl2 (2 M)
*
      5 ml   10 mM 

H2O   ad 1,000 ml 

* Sterile solution added after autoclaving. 

 

Anaerobic cultivation of the strains Clostridium sp. IBUN 158B and IBUN 13A for 

characterization and genetic engineering activities was made in RCM (reinforced clostridial 

medium), CGM (clostridial growth medium), 2x TGY (tryptone-glucose-yeast extract 

medium) or TSB (trypticase soy broth): 

 

RCM (reinforced clostridial medium) (Hirsch and Grinsted 1954) 

Peptone    10 g     1 % (w/v) 

Beef extract      8 g     0.8 % (w/v) 

Yeast extract      1 g     0.1 % (w/v) 

Starch       1 g     0.1 % (w/v) 

Ferric ammonium citrate    0.5 g     0.05 % (w/v) 

Sodium acetate     5 g   61 mM 

Glucose · H2O      1 g     5 mM 

L-Cysteine · HCl     0.5 g     3.2 mM 

NaHSO3      0.5 g     4.8 mM 

Resazurin      1 mg     4.4 µM 

H2O    ad 1,000 ml 
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CGM (clostridial growth medium) -modified- (Wiesenborn et al. 1988) 

Yeast extract      5 g    0.5 % (w/v) 

Glucose · H2O    50 g    0.25 M 

(NH4)2SO4      2 g  15 mM 

NaCl       1 g  17 mM 

Asparagine · H2O     2 g  13 mM 

KH2PO4  750 mg   5.5 mM 

K2HPO4  750 mg   4.3 mM 

Mg2SO4 · 7 H2O 710 mg   2.9 mM 

MnSO4 · H2O    10 mg 59 µM  

FeSO4 · 7 H2O   10 mg 36 µM 

Resazurin      1 mg   4.4 µM 

H2O   ad 1,000 ml 

 

2x TGY (tryptone-glucose-yeast extract medium) -modified- (Montoya et al. 2000) 

Tryptone   16 g    1.6 % (w/v) 

Yeast extract   10 g    1 % (w/v) 

Glucose · H2O     5 g  25 mM 

NaCl      5 g  86 mM 

H2O   ad 1,000 ml 

 

TSB (trypone soy broth)* (Carl Roth GmbH + Co. KG, Karlsruhe) 

Casein, tryptic digest   15 g    1.5 % (w/v) 

Soy peptone      5 g    0.5 % (w/v) 

NaCl       5 g  86 mM 

H2O    ad 1,000 ml 

* TSA (tryptone soy agar) is TSB with agar addition, as outlined in section 2.2.1.1. 

 

For analysis of fermentation performance of Clostridium sp. IBUN 158B and RNA isolation 

from Clostridium sp. IBUN 13A, a glycerol medium previously optimized for the Colombian 

strains was used:  
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Glycerol medium -modified- (Pérez 2009) 

Yeast extract      5.1 g     0.51 % (w/v) 

Glycerol    20 g     0.22 M 

NH4Cl       2 g   37 mM 

K2HPO4      1 g     5.7 mM 

KH2PO4      0.5 g     3.7 mM 

L-Cysteine · HCl     0.5 g     3.2 mM  

Resazurin      1 mg     4.4 µM 

Vitamin solution   25 ml     2.5 % (v/v) 

Trace element solution     4 ml     0.4 % (v/v) 

H2O    ad 1,000 ml 

 

The substrate and each solid component were weighed, dissolved in purified water, and the 

pH-value was adjusted to 7 ± 0.2 with 1 M KOH. After boiling for 20 min, the medium was 

cooled down on ice accompanied by nitrogen sparging. The container was tightly closed and 

introduced in the anaerobic chamber, where the indicated volume of trace element solution 

was added. After filling up anaerobically and autoclaving, the corresponding volume of 

vitamin solution was injected into each Hungate tube or glass flask using a sterile filter. 

 

Trace element solution 

MgCl2       5 g   53 mM 

CaCl2       3 g   27 mM 

FeSO4 · 7 H2O     3.7 g  13 mM 

MnSO4 · H2O      3.3 g  20 mM  

CoCl2 · 6 H2O      3.8 g  16 mM 

ZnSO4       2.8 g  17 mM 

Na2MoO4      1.3 g    6.3 mM 

H3BO3   120 mg    1.9 mM 

CuSO4 · 5 H2O 180 mg    0.72 mM 

NiCl2 · 6 H2O  130 mg    0.55 mM 

H2O   ad 1,000 ml 
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Vitamin solution 

Biotin    130 mg 0.53 mM 

p-Aminobenzoic acid  100 mg 0.73 mM 

H2O    ad 1,000 ml 

 

2.2.1.3. Antibiotic selection 

Antibiotics for selection of recombinant strains used in this work are listed in Table 4. 

Antibiotics were prepared as 1,000- or 2,000-fold concentrated stock solutions, sterile-filtered 

and stored at -20 ºC. Addition to previously autoclaved media was made under sterile 

conditions. For solid media, antibiotics were added to the fluid media after cooling down to 

50 ºC, before pouring on sterile plastic plates. For fluid media, antibiotic addition was made 

directly before inoculation. 

 

2.2.2. Growth conditions 

Aerobic cultivation of E. coli strains was usually performed in test tubes with 5.0 ml medium 

and aluminum caps, whereupon 2-l Erlenmeyer flasks with baffles were used for preparation 

of competent cells from 250-ml cultures.  

 

Table 4: Antibiotics used in this work. 

Antibiotic Solvent 

Stock 

solution 

(mg/ml) 

Final 

concentration 

(µg/ml) 

Supplier 

Ampicillin Water 100 100 
Merck KGaA, 

Darmstadt 

Chloramphenicol Ethanol, 96 % (v/v) 30 15 
Roche Diagnostic 

GmbH, Mannheim 

Thiamphenicol* Dimethylformamide 20 10-20 
Sigma-Aldrich Chemie 

GmbH, Steinheim 

Colistin Water 10 10 
Fluka Chemie GmbH, 

Buchs (Switzerland) 

Erythromycin Ethanol, 50 % (v/v) 5 2.5 
Sigma-Aldrich Chemie 

GmbH, Steinheim 

* Thiamphenicol stock solutions are photosensitive and were thus covered with aluminum foil during storage. 
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Inoculation of fresh 5-ml cultures was made with app. 10 µl of conserved E. coli strains, 

while further passages were inoculated with app. 10 % of the final culture volume. The 

optimal temperature used for E. coli growth was 37 ºC, but 18 ºC were also applied during 

generation of competent cells. In order to guarantee oxygenation of fluid cultures, cultivation 

was done on rotary shakers set at 120-180 rpm. Streaked agar plates were held in a 37 ºC 

incubator. 

Anaerobic cultivation of clostridial strains was performed in Hungate tubes (Bellco Glass 

Inc., Vineland (USA)) closed with synthetic rubber stoppers (Ochs GmbH, Bovenden) and 

plastic screw caps for 5.-ml cultures, or in Müller-Krempel flasks (Müller & Krempel AG, 

Bülach (Switzerland)) closed with natural rubber stoppers (Maag Technic GmbH, Göppingen) 

and stainless steel screw caps for higher volumes. Fresh 5-ml cultures were inoculated by 

injecting app. 50-90 µl of conserved spores previously kept for 20 min in an 80 ºC water bath 

(heat shock) under sterile conditions, while further passages were inoculated with app. 10 % 

of the final culture volume. Anaerobic Hungate tubes and Müller-Krempel flasks were 

incubated at 37 ºC in an incubating room, while agar plates streaked with clostridial strains 

were kept at 37 ºC in an incubator placed inside the anaerobic chamber. 

 

2.2.3. Strain conservation 

For conservation of E. coli strains, 900 µl of an overnight culture in LB medium 

(supplemented with antibiotics if necessary) were mixed with 100 µl of sterile dimethyl-

sulfoxide (DMSO) in a 2.0-ml plastic tube with screw cap. The tubes containing conserved 

strains were stored in a freezer at -80 ºC permanently. 

Clostridial strains were conserved aerobically at -80 ºC in the form of spore suspensions. The 

latter were prepared by inoculating 5.0 ml anaerobic sporulation medium (supplemented with 

antibiotics if necessary) with an overnight culture of the strain to preserve and incubating at 

37 ºC for app. one week. Spore production was controlled with an “Axiostar plus” light 

microscope (Carl Zeiss AG, Oberkochen) and spores were collected when 20 or more spores 

could be observed in a 40x visual field. The Hungate tubes were then centrifuged at 3,461 g 

and 4 ºC for 10 min in an “EBA 20” centrifuge (Andreas Hettich GmbH & Co. KG, 

Tuttlingen) and the supernatant was discarded. The pellets were resuspended in 1 ml sterile 

TSB or 2x TGY medium and the spore suspensions were stored in 2-ml plastic tubes with 

screw caps. 
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Sporulation medium -modified- (Monot et al. 1982) 

Anaerobic sporulation medium was always freshly prepared before use. To 4.4 ml autoclaved 

basic medium, 0.6 ml of additional component solution were added. Components of the 

additional component solution were autoclaved separately and mixed briefly before use. 

 

Basic medium 

(NH4)2 SO4      2.3 g  17 mM 

CaCO3       1.1 g  11 mM 

KH2PO4      1.1 g    8.1 mM 

K2HPO4      1.1 g    6.3 mM 

MgSO4 · 7 H2O 110 mg    0.45 mM  

Na2S2O4    40 mg    0.23 mM 

Resazurin      1 mg    4.4 µM 

H2O   ad 1,000 ml 

 

Additional component solution 

Glucose (1 M)   10 ml  0.83 M 

Butyric acid (1.2 M)     1 ml  0.1 M 

Trace element solution   1 ml  8.3 % (v/v) 

 

Trace element solution 

NaCl     10 mg     0.17 mM 

Na2MoO4    10 mg   49 µM 

MnSO4 · H2O    15 mg   89 µM  

CaCl2     10 mg   90 µM 

FeSO4 · 7 H2O   15 mg   54 µM 

p-Aminobenzoic acid     2 mg   15 µM 

Thiamine · HCl     2 mg     5.9 µM  

Biotin       0.1 mg    0.41 µM 

H2O    ad 1,000 ml 
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2.2.4. Determination of growth and production parameters 

2.2.4.1. Determination of the optical density 

Culture growth was determined by measuring the optical density of diluted samples at 600 nm 

wavelength (O.D.600) in 1 ml cuvettes with 1 cm thickness (VWR International GmbH, 

Darmstadt), using an “Ultrospec
®
 3100 pro” spectrophotometer (GE Healthcare Europe 

GmbH, München) and sterile medium as blank sample. Culture samples returning O.D.600 

values higher than 0.4 were further diluted with sterile medium before final measurement, in 

order to preserve linearity of the extinction/cell concentration ratio. The corresponding 

dilution factors were taken into account for O.D.600 calculation of the original samples. 

 

2.2.4.2. Sample preparation for chromatographic analysis 

For chromatographic analysis of substrate and products in culture samples of Clostridium sp. 

IBUN 158B strains, 2 ml of each sample were centrifuged at 15,294 g and 4 ºC for 5 min in 

an “Eppendorf 5804R” benchtop centrifuge (Eppendorf AG, Hamburg). Supernatants were 

filtered into sterile 2-ml microtubes, using sterile filters of 0.2 µm pore size. Filtered samples 

were immediately stored in a freezer at -20 ºC until further sample preparation for each 

specific chromatographic procedure was performed. 

 

2.2.4.3. Analysis of substrate and products by gas chromatography (GC) 

During preliminary growth experiments with Clostridium sp. IBUN 158B in glycerol 

medium, the concentrations of remaining substrate, produced 1,3-PD and byproducts were 

measured by means of gas chromatography (GC) procedures. Acetone, ethanol, acetate and 

butyrate were determined using a “Clarus 600” gas chromatograph (PerkinElmer LAS GmbH, 

Rodgau) equipped with flame ionization detector and autosampler. Therefore, supernatants 

pretreated as described in section 2.2.4.2. were diluted 1:5 or 1:10 with purified water and 

1.0 ml of each diluted sample was mixed with 0.1 ml internal standard (110 mM isobutanol in 

2 M HCl) in 2 ml crimp vials, which were tightly sealed using aluminum crimp caps 

(Chromatographie Service GmbH, Langerwehe). The device was calibrated with a sample 

containing 5 mM of each analyzed substance diluted in purified water. Determination was 

performed with the following parameters: 
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Column:   Glass, packed (2 mm × 2,000 mm) 

Packing material:   Chromosorb 101 (80-100 mesh) 

Carrier gas:   N2 (33.5 ml/min) 

Injection temperature: 200 ºC 

Detector temperature:  300 ºC 

Detector gases:  H2 (30 ml/min), synthetic air (25 ml/min) 

Temperature profile:  130 ºC for 1 min 

    From 130 ºC to 200 ºC at 4 ºC/min 

    200 ºC for 3 min 

Processing software:  TotalChrom Version 6.3.1. 

 

On the other hand, remaining glycerol and 1,3-PD were determined by the team of Dr. Stefan 

Jennewein at the Fraunhofer Institute for Molecular Biology and Applied Ecology (Aachen), 

using a “QP2010S” GC/mass spectrometer (Shimadzu Deutschland GmbH, Duisburg) 

equipped with an HB-FFAP column (Hamilton AG, Bonaduz (Switzerland)). Sample 

preparation and analysis was similar as described above, except for pretreated supernatants 

(see section 2.4.2.2.) being diluted 1:10 with methanol before adding the internal standard.  

 

2.2.4.4. Analysis of substrate and products by high performance liquid chromatography 

(HPLC) 

Final fermentation profile analysis of the modified strains based on Clostridium sp. IBUN 

158B was performed by high performance liquid chromatography (HPLC). Therefore an 

“Infinity 1260” HPLC device (Agilent Technologies, Waldbronn) was employed, linked to a 

diode array UV detector (DAD) for detection of organic acids and a refraction index detector 

(RID) for detection of glycerol and solvents. Regarding sample preparation for HPLC 

analysis, supernatants pretreated as described above (section 2.4.2.2.) were diluted 1:2 or 1:5 

with purified water and 1 ml of each sample was transferred into a 2-ml crimp vial. Filled 

vials were sealed using aluminum crimp caps (Chromatographie Service GmbH, 

Langerwehe). Prior to measurement, the device was calibrated with aqueous solutions 

containing 0.5-250 mM of each analyzed substance. HPLC determinations were performed 

using the following parameters: 



25 

 

Column:    CS-Organic Acid (8 mm × 300 mm)  

(Chromatographie Service GmbH, Langerwehe) 

Packing material:    Poly(styrene-divinylbenzene) 

Mobile phase:    5 mM H2SO4 (0.6 ml/min) 

Injection temperature:  25 ºC (autosampler) 

Column temperature:   40 ºC 

Column pressure:   65-75 bar 

Detector temperature:   40 ºC 

Detection wavelength (DAD): 210 nm 

Running time:    25 min 

Processing software:   Agilent OPEN-Lab CDS Version A.01.03. 

 

2.2.4.5. Enzymatic test for lactate determination  

During preliminary growth experiments with Clostridium sp. IBUN 158B in glycerol 

medium, lactate concentrations were determined using the L-lactic acid detection kit of R-

Biopharm (R-Biopharm AG, Darmstadt) according to manufacturer’s instructions. The test is 

based on photometric determination of the NADH produced during conversion of lactate into 

pyruvate by the enzyme L-lactate dehydrogenase, whereupon equilibrium of the reaction is 

displaced to favor NADH production by converting pyruvate in the presence of glutamate and 

glutamate-pyruvate transaminase into alanine and 2-oxoglutarate. 

Before performing the test, culture samples were prepared by incubating in an 80 ºC water 

bath for 15 min, centrifuging at 15,294 g for 5 min in an “Eppendorf 5804R” centrifuge 

(Eppendorf AG, Hamburg) and finally adjusting pH-value to 8-9 with 1 M NaOH. The 

following components were then mixed in a 4.5 ml plastic cuvette with 1 cm thickness (VWR 

International GmbH, Darmstadt): 

 

L-Glutamic acid in glycylglycine buffer (100 mM, pH 10.0) 1,000 µl 

NAD
+
 (53 mM)          200 µl 

Glutamate-pyruvate transaminase (1151 U/ml)        20 µl 

Culture sample          300 µl 

H2O            700 µl 
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For the blank, the volume of culture sample was replaced with water. The absorption of the 

mixture was determined in an “Ultrospec
®
 3100 pro” spectrophotometer (GE Healthcare 

Europe GmbH, München) at 340 nm after 5 min (A1). Afterwards, 20 µl of L-lactate 

dehydrogenase solution (5,429 U/ml) were added and thoroughly mixed. The absorption of 

the mixture at 340 nm was determined again after 30 min (A2). The lactate concentration of 

each culture sample was calculated using the following equation: 

 

                           
    

     
 

 

V = Final volume = 2.24 ml 

ΔA = (A2-A1)sample – (A2-A1)blank 

ε = Extinction coefficient of NADH at 340 nm = 6.3 mM
-1

 × cm
-1 

d = Light path = 1 cm 

v = Sample volume = 0.3 ml 

 

2.3. Nucleic acid methods 

2.3.1. Nucleic acid isolation and purification 

2.3.1.1. Genomic DNA isolation from clostridia 

All solutions and plastic material used for genomic DNA isolation were first autoclaved at 

121 ºC and 1.2 bar for 15-20 min, in order to inactivate nucleases. Genomic DNA from the 

Colombian Clostridium sp. strains was isolated using a protocol established in a previous 

work (Jaimes et al. 2006). Therefore, a 5-ml overnight culture of the desired clostridial strain 

was centrifuged for 10 min at 2,404 g in an “EBA 20” centrifuge (Andreas Hettich GmbH & 

Co. KG, Tuttlingen). The cell pellet was suspended in 500 µl TE buffer and transferred into a 

2-ml microtube. Cells were separated again by centrifuging at 13,201 g for 5 min in a “Sigma 

2K15” centrifuge (Sigma GmbH, Osterode) and suspended in 567 µl TE buffer. Cell lysis was 

induced by addition of 30 µl 0.35 M SDS (sodium dodecyl sulfate) and 3 µl Proteinase K 

(20 mg/ml in 50 % glycerol (v/v); Roche Diagnostics GmbH, Mannheim) with incubation at 

37 ºC for 1 h. Separation of cell debris was then facilitated by the addition of 100 µl 5 M 
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NaCl and 80 µl of a 0.3 M NaCl/0.9 M CTAB (cetyltrimethylammonium bromide) solution. 

This mixture was further incubated for 10 min at 65 ºC. Cell debris and salts contained in the 

solutions used for DNA isolation were separated by phenol-chloroform extraction. For this 

purpose, one volume of phenol/chloroform/isoamyl alcohol (25:24:1 v/v/v) was added and 

thoroughly mixed, the mixture was centrifuged at 13,201 g and 4 ºC for 5 min and the upper 

aqueous solution was carefully transferred to a new 1.5-ml microtube. The last step was 

repeated twice, until no cell debris interphase was visible. Phenol residues were eliminated 

from the resulting DNA solution by thoroughly mixing with one volume of chloroform-

isoamyl alcohol (24:1 v/v), centrifuging at 13,201 g and 4 ºC for 5 min and transferring the 

upper aqueous solution into a new 1.5-ml microtube. The last step was repeated once. 

Undesired RNA was then eliminated by adding 2 µl RNase A (10 mg/ml; MBI Fermentas 

GmbH, St. Leon-Rot) and incubating at 37 ºC for 30 min. In order to remove chloroform 

residues from the aqueous solution, the genomic DNA was precipitated by adding 1.0 ml 

isopropanol and centrifuging at 13,201 g and 4 ºC for 30 min. The DNA pellet was washed 

consecutively with 500 µl ice-cold 96 % ethanol (v/v) and 500 µl ice-cold 70 % ethanol (v/v), 

whereupon the pellet was recovered after each washing step by centrifuging at 13,201 g and 

4 ºC for 10-15 min and discarding the supernatant. Ethanol was completely evaporated by 

drying in a heated vacuum centrifuge “SpeedVac Concentrator SVC 100H” (Bachhofer 

GmbH, Reutlingen). The resulting DNA pellet was dissolved in 35 µl TE buffer at 4 ºC 

overnight and finally preserved in a freezer at -20 ºC for further applications. 

 

TE (Tris-EDTA) buffer 

Tris        1.2 g  10 mM 

EDTA, disodium salt  370 mg    1 mM 

H2O    ad 1,000 ml 

 

The pH value was adjusted to 7.5 using 1 M HCl. 

 

2.3.1.2. Purification of isolated genomic DNA samples 

Genomic DNA samples isolated from clostridial strains (section 2.3.1.1.) were not always 

pure enough to allow amplification of hardly accessible genomic fragments. Therefore, DNA 

samples were further purified using the “High Pure PCR Template Preparation Kit” (Roche 
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Diagnostics GmbH, Mannheim) according to the manufacturer’s instructions. The kit is based 

on selective binding of the isolated DNA to special glass fibers pre-packed in filter 

microtubes in the presence of a chaotropic salt (guanidine · HCl). However, since the kit is 

intended for DNA isolation from raw biological material, the first steps were resumed by 

filling up to 200 µl with PBS buffer, adding 200 µl binding buffer (included in the kit) and 

100 µl isopropanol and proceeding to the further step of the protocol for bacteria and yeast. At 

the end, each DNA sample was eluted using 50 µl prewarmed elution buffer (included in the 

kit).  

 

PBS (phosphate buffered saline) buffer (Dulbecco and Vogt 1954) 

NaCl     8 g  0.14 M 

Na2HPO4 · 2 H2O   1.4 g  7.86 mM  

KCl     0.2 g  2.68 mM 

KH2PO4    0.2 g  1.47 mM 

H2O   ad 1,000 ml 

 

2.3.1.3. RNA isolation from clostridia 

For RNA isolation, all solutions and materials were autoclaved twice in order to inhibit any 

possible RNase activity, and any manipulation was solely performed wearing disposable 

nitrile gloves. Additionally work surfaces were cleaned with RNaseZap® (Invitrogen Life 

Technologies, Darmstadt), which helps to eliminate remaining RNases. All solutions were 

pipetted using RNase-free SafeSeal-Tips® (Biozym Scientific GmbH, Oldenburg). 

Isolation of total RNA from clostridial strains was performed with the aid of the “RNeasy® 

Midi Kit” (Qiagen GmbH, Hilden). Therefore, a 50-ml culture of the corresponding strain was 

transferred to a 50-ml centrifuge tube with screw cap and centrifuged at 4,025 g and 4 ºC for 

10 min in a “Sigma 2K15” centrifuge (Sigma GmbH, Osterode) after variable harvesting 

times. The pellet was suspended in 2 ml TE buffer (see section 2.3.1.1.) and then filled up to 

20 ml with the same buffer. After centrifuging at 4,025 g and 4 ºC for 10 min, the pellet was 

resuspended in 1.6 ml RLT buffer (included in the kit), which contains 1 % β-

mercaptoethanol (v/v). This mixture was transferred to a 2-ml microtube with screw cap 

containing 0.1 mm glass beads and then cells were disrupted in a RiboLyser™ (Hybaid Ltd., 

Middlesex (UK)) at 6.5 m/s for 45 s. The cell disruption step was repeated six times, 
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whereupon incubation on ice for 5 min was conducted after three repetitions. The microtube 

was centrifuged at 20,817 g and 4 ºC for 15 min in an “Eppendorf 5804R” centrifuge 

(Eppendorf AG, Hamburg) and the supernatant was transferred to a 15-ml centrifuge tube 

with screw cap. After filling up to 2.8 ml with RLT buffer, one volume of 70 % ethanol (v/v) 

was added and further steps were performed according to the manufacturer’s instructions. At 

the end, RNA was eluted two times with 150 µl RNase-free water. 

RNA isolation was completed by a thorough DNA digestion protocol, in order to guarantee 

absence of DNA for primer extension experiments. For this purpose, DNA concentration in 

the RNA sample was photometrically determined (see section 2.3.2.3.) and the eluted sample 

was split in aliquots not exceeding 150 µg of DNA. Each aliquot was supplemented with one-

tenth volume of 10x DNase-reaction buffer and 50 U DNase I (Fermentas GmbH, St. Leon-

Rot), followed by overnight incubation at room temperature. The volume of each aliquot was 

then filled up to 500 µl with RNase-free water and 1 ml of phenol/chloroform/isoamyl alcohol 

(25:24:1 v/v/v) was added. After thoroughly mixing and centrifuging at 17,949 g and 4 ºC for 

5 min, the upper aqueous solution was transferred into a new 1.5-ml microtube. Phenol traces 

were eliminated by adding 0.5 ml of chloroform-isoamyl alcohol (24:1 v/v), mixing and 

centrifuging at 17,949 g and 4 ºC for 5 min. The upper aqueous solution was transferred to a 

new 1.5-ml microtube and RNA was precipitated by adding 50 µl of 3 M sodium acetate and 

1 ml of ice-cold 96 % ethanol (v/v). To increase precipitation, microtubes were incubated 

overnight at -20 ºC and centrifuged at 17,949 g and 4 ºC for 1 h. The RNA pellet was washed 

with 1.0 ml ice-cold 70 % ethanol (v/v) and recovered by centrifuging at 17,949 g and 4 ºC 

for 10 min. The supernatant was discarded and remaining ethanol was evaporated by drying at 

room temperature with the “SpeedVac Concentrator SVC 100H” (Bachhofer GmbH, 

Reutlingen). Finally, the resulting RNA pellet was dissolved in 15 µl RNAse-free water by 

incubating at 4 ºC overnight and all aliquots of the original RNA sample were pooled in a 1.5-

ml microtube. 

 

2.3.1.4. Plasmid DNA isolation from Escherichia coli 

Plasmid DNA was isolated from LB cultures of recombinant E. coli strains using the 

“Zyppy™ Plasmid Miniprep Kit” (Hiss Diagnostics GmbH, Hamburg), according to the 

manufacturer’s instructions. This kit features a modified alkaline lysis method (Birnboim and 

Doly 1979) followed by reversible binding of plasmid DNA to the silica membrane of the 

column. For the beginning, 4 ml of an overnight E. coli culture were processed in a 2-ml 
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microtube with the classical centrifuge-based procedure, using a benchtop “MiniSpin®” 

centrifuge (Eppendorf AG, Hamburg), and then the pellet was suspended in 600 µl TE buffer. 

Before eluting the isolated plasmid DNA, the column was dried by centrifuging at 4,293 g and 

room temperature for 3 min. At the end, plasmid DNA was eluted twice with 15 µl elution 

buffer (included in the kit) and the plasmid DNA sample was stored at -20 ºC for further use. 

 

2.3.2. Fractionation and analysis of nucleic acid samples 

2.3.2.1. Agarose gel electrophoresis 

Linear DNA molecules were analyzed after separation in agarose gels. Agarose gel 

electrophoresis is based on migration of DNA molecules through an agarose matrix under the 

influence of an electric field, which pulls nucleic acids to the anode because of their 

negatively charged phosphate groups. Therefore, molecules migrate with a specific speed 

depending on their size, as well as on the electric field strength and agarose concentration. 

Agarose content was defined based on the length of the expected DNA fragments; 0.8 % 

agarose (w/v) was used for fragments longer than 500 bp, while 2 % agarose (w/v) was used 

for shorter fragments. Agarose gels were prepared by dissolving the corresponding amount of 

agarose in boiling TAE buffer and pouring the solution on electrophoresis chambers equipped 

with plastic combs while it was still warm. After solidification, the gel was covered with TAE 

buffer and the comb was carefully removed. Samples to be loaded were first mixed with “6x 

DNA Loading Dye” (Fermentas GmbH, St. Leon-Rot) in volume proportion 5:1, in order to 

confer high density and visibility. For analytical electrophoresis, gels were cast using a thin 

comb and 6 µl of the 5:1 mixture were loaded per well, while for preparative procedures, a 

thicker comb was used and 20 µl of the 5:1 mixture were loaded in each well. Gels were run 

with electric field strength of 12-17 V/cm, until the bromophenol blue front (contained in the 

loading dye) reached at least 2/3 of the available separation distance. At the end, bands of 

nucleic acids were made visible by staining using ethidium bromide (section 2.3.2.2.) and gels 

were photographed under exposure to UV light using the gel documentation system “GelPrint 

2000i” (MWG Biotech AG, Ebersberg). The size of each separated DNA fragment was 

determined by comparing to the “GeneRuler™ DNA Ladder Mix” marker (Fermentas GmbH, 

St. Leon-Rot), which was loaded in a free well of every gel before running. 
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TAE (Tris-acetic acid-EDTA) buffer 

Tris       4.8 g  40 mM 

Acetic acid      1.1 ml  20 mM 

EDTA   290 mg    1 mM  

H2O   ad 1,000 ml 

 

2.3.2.2. Staining of nucleic acids in agarose gels 

In order to visualize bands of nucleic acids separated in agarose gels (section 2.3.2.1.), gels 

were stained directly after electrophoresis by immersing them for 15 min in a fresh 2.5-µM 

ethidium bromide solution placed in the dark. This way, ethidium bromide molecules 

intercalate in the nucleic acid structure and are subjected to a conformational change that 

enhances their fluorescence, becoming detectable under exposure to UV light. Stained gels 

were immediately photographed using the gel documentation system “GelPrint 2000i” (MWG 

Biotech AG, Ebersberg) while illuminating with the UV lamp. 

 

2.3.2.3. Determination of the nucleic acid concentration  

The concentration of purified nucleic acid solutions was determined using a 

spectrophotometer “Ultrospec 3100 pro” (GE Healthcare Europe GmbH, Munich), taking into 

account that nucleic acids exhibit an absorption maximum at a wavelength of 260 nm (A260). 

For determination, 1 µl of the nucleic acid solution was mixed with 99 µl of demineralized 

water in a quartz cuvette with 1 cm thickness and the A260 and A280 values were measured in 

the spectrophotometer. Nucleic acid concentration was obtained after multiplying by the 

dilution factor (100) and the corresponding conversion factor, since an A260-value of 1 is 

equivalent to 50 ng/µl of double-stranded DNA or 40 ng/µl of RNA (Sambrook and Russell 

2001). Purity of nucleic acid solutions was assessed with the A260/A280 ratio, which should be 

in the range of 1.8-2 for DNA and in the range of 2-2.2 for RNA (Wilfinger et al. 1997). 

 

2.3.3. Polymerase chain reaction (PCR) 

DNA fragments for identity analysis and cloning procedures were amplified by polymerase 

chain reaction (PCR). The PCR is based on exponential synthesis of a DNA fragment flanked 

by two single-stranded primers, which specifically bind the complementary strands of a DNA 
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template in opposite directions, and is performed by a thermostable DNA polymerase (Saiki 

et al. 1985). A typical PCR cycle is composed of three steps: in the first step, the double-

stranded template is denatured by applying a high temperature (app. 95 ºC). In the second 

step, each specific primer binds one of the denatured DNA strands at a convenient annealing 

temperature, while in the third step the primers are elongated at 72 ºC by the action of the 

DNA polymerase. This way, the number of copies of the amplified fragment doubles after 

every PCR cycle.  

Primers for each specific PCR were computer designed (see section 2.7.1.) according to 

general guidelines regarding length, (G+C)-content, runs of the same base, 3'-end sequence, 

self-pairing, and dimer formation (Löffert et al. 1997). Composition of the PCR with different 

commercial DNA polymerases is described in section 2.3.3.1., while a general temperature 

program for all reactions is presented in section 2.3.3.2.  

 

2.3.3.1. Composition of the reaction with different DNA polymerases 

In this work, amplification of DNA fragments shorter than 2,000 bp was made with DF Taq 

polymerase (Genaxxon Bioscience GmbH, Biberach) or PANScript DNA polymerase (PAN-

Biotech GmbH, Aidenbach), while hardly accessible genomic regions or fragments, whose 

sequence fidelity was crucial, were amplified using ReproFast DNA polymerase (Genaxxon 

Bioscience GmbH, Biberach), which provides higher efficiency and possesses 3'-5' 

proofreading exonuclease activity. For amplification of fragments longer than 2,000 bp, the 

ReproFast DNA polymerase was used with a modified method including the FailSafe™ PCR 

PreMix E (Epicentre Biotechnologies, Madison (USA)), since the latter contains a PCR 

enhancer with betaine. For each PCR, the following components were pipetted in a sterile 

PCR tube: 

 

PCR with DF Taq polymerase 

DNA template    1 µl  app. 2 ng/µl 

dNTPs (10 mM each)   1 µl  0.2 mM each 

Buffer with MgCl2 (10x)  5 µl   

Primers (100 µM each)  1 µl each 2 µM each 

DF Taq polymerase (5 U/µl)  0.4 µl  0.04 U/µl 

H2O     ad 50 µl 
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PCR with PANScript DNA polymerase 

DNA template     1 µl  app. 2 ng/µl 

dNTPs (10 mM each)    1 µl  0.2 mM each 

Buffer (10x)     5 µl   

MgCl2 (50 mM)    2 µl  2 mM 

Primers (100 µM each)   1 µl each 2 µM each 

PANScript DNA polymerase (5 U/µl) 0.4 µl  0.04 U/µl 

H2O      ad 50 µl 

 

PCR with ReproFast DNA polymerase 

DNA template     1 µl  app. 2 ng/µl 

dNTPs (10 mM each)    1 µl  0.2 mM each 

Buffer with MgSO4 (10x)   5 µl   

Primers (100 µM)    1 µl each 2 µM each 

ReproFast DNA polymerase (5 U/µl) 0.3 µl  0.03 U/µl 

H2O      ad 50 µl 

 

PCR with ReproFast polymerase and FailSafe™ PCR PreMix E 

DNA template       1 µl  app. 2 ng/µl 

FailSafe™ PCR PreMix E (2x)  25 µl   

Primers (100 µM each)     1 µl each 2 µM each 

ReproFast DNA polymerase (5 U/µl)   0.3 µl  0.03 U/µl 

H2O      ad 50 µl 

 

2.3.3.2. Standard PCR temperature program 

Independently of the DNA polymerase used, all amplifications in this work were performed 

with the following temperature program: 
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1. Initial denaturing  95 ºC   300 s 

2. Denaturing  95 ºC     30 s 

3. Annealing   variable
1
    45 s 

4. Elongation   72 ºC   variable
2
 

5. Final elongation  72 ºC   600 s 

6. Cooling     4 ºC      ∞ 

1 
The annealing temperature of each reaction was 4 ºC lower than the average melting temperature (Tm) of the 

corresponding primers, which was reported by the supplier (biomers.net GmbH, Ulm). 

2
 Elongation time was calculated according to the DNA polymerase used and to the length of the expected 

product: 60 s/600 bp for ReproFast DNA polymerase, 60 s/1,000 bp for other DNA polymerases. 

 

Steps 2-4 (one PCR cycle) were repeated 31 times before proceeding to step 5. 

 

2.3.3.3. Sample preparation for colony PCR 

For cloning strategies with a low yield of the desired ligation product, a high-throughput 

screening strategy was necessary in order to identify positive clones before inoculating the 

colonies in fluid medium and isolating plasmid DNA. Therefore, a modified colony PCR 

protocol was applied (dos Santos et al. 2000). Colony PCR is a common PCR as it is 

described in sections 2.3.3.1.-2.3.3.2., but the template is a crude lysate of the colony to 

analyze, rather than a pure DNA sample. For obtaining the lysate, a colony was scraped 

directly from the corresponding agar plate using an inoculation loop and suspended in 50 µl 

of sterile water in a 1.5-ml microtube. The microtube was then incubated in a boiling water 

bath for 10 min and centrifuged at 1,073 g for 5 min using a personal “MiniSpin®” centrifuge 

(Eppendorf AG, Hamburg). Finally, 2 µl of the supernatant were used as template in one of 

the PCR compositions described in section 2.3.3.1. 

 

2.3.3.4. Purification of PCR and digestion products 

DNA fragments of interest were purified either directly after PCR or after digestion (see 

section 2.3.5.1.), in order to remove components of the reactions that could interfere with 

further sequencing or ligation procedures. In the absence of disturbing unspecific fragments, 

DNA was purified directly from solutions. Otherwise, specific DNA fragments were cut from 

agarose gels after electrophoresis and gel staining (2.3.2.1.-2.3.2.2.) by placing the gel on a 

UV-transilluminator with a wavelength of 365 nm and excising the desired band with a 
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scalpel. The gel slice was transferred to a sterile 1.5-ml microtube and its weight was 

determined. DNA fragments from solutions and gel slices were purified using the 

“NucleoSpin® Gel and PCR Clean-up” kit (Macherey-Nagel GmbH & Co. KG, Düren) 

according to the manufacturer’s instructions. At the end, DNA fragments were eluted twice 

with 15 µl prewarmed NE buffer (included in the kit). 

 

2.3.4. DNA sequencing 

The “chain termination” DNA sequencing method (Sanger et al. 1977) combined with 

capillary electrophoresis and fluorescence detection was used in this work for elucidating the 

sequence of purified PCR products or plasmids. Sequencing of amplified 16S rDNA 

fragments was made with the goal of identifying the corresponding bacterial strains by 

sequence analysis, while sequencing of plasmid inserts was made in order to detect undesired 

mutations after cloning procedures or to elucidate the sequence of unknown genomic regions 

after amplification from genomic DNA and cloning. Sequencing was performed by GATC 

Biotech AG (Konstanz) using universal or custom primers. Therefore, the purified DNA 

samples were shipped according to the sample requirements for “Single Read” sequencing 

(concentration: 30-100 ng/µl for plasmids or 10-50 ng/µl for PCR products; volume per 

sample: 20 µl in labeled 1.5-ml microtubes). Returned sequences were manually compared to 

the included chromatograms in case of discrepancies, or directly processed and analyzed 

using the computer tools described in section 2.7.2. 

 

2.3.5. Enzymatic modification of DNA 

2.3.5.1. Digestion of DNA fragments and plasmids 

Purified PCR products and plasmids were digested for analytical as well as for preparative 

purposes. In this work, type II restriction enzymes were used, which are endonucleases that do 

not require ATP or SAM for their activity, usually recognize short palindromic DNA 

sequences, and cut at a short specific distance from the recognition sequence, leaving defined 

sequence ends with terminal 5'-phosphates that can be used for further cloning strategies. 

Restriction enzymes were supplied by Fermentas GmbH (St. Leon-Rot) together with buffers 

predefined for each restriction enzyme. For specific combinations of restriction enzymes, the 

buffer and restriction protocol to be used were defined with the aid of the DoubleDigest™ 
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tool, so that each enzyme could exhibit at least 50 % of its expected activity. The following 

compositions were used for each restriction enzyme digestion: 

 

Analytical restriction enzyme digestion 

Substrate DNA   1 µl  app. 5 ng/µl 

Enzyme buffer (10x)   2 µl   

Restriction enzyme (10 U/µl)  1 µl  0.5 U/µl 

H2O     ad 20 µl 

 

The microtube containing the mixture was incubated at 37 ºC for 1 h (unless a different 

optimal temperature was indicated by the supplier) and digestion products were analyzed by 

agarose gel electrophoresis (2.3.2.1.). 

 

Preparative restriction enzyme digestion 

Substrate DNA   10-20 µl app. 25-50 ng/µl 

Enzyme buffer (10x)     4 µl  

Restriction enzyme     2 µl  0.5 U/µl 

H2O     ad 40 µl 

 

The microtube containing the mixture was incubated at 37 ºC for at least 4 h (unless a 

different optimal temperature was indicated by the supplier) and a final inactivation step at 

65-80 ºC for 20 min was performed. Restriction fragments of interest were purified as 

described in section 2.3.3.4., whereupon digested vectors were first dephosphorylated (see 

2.3.5.2.). 

 

2.3.5.2. Dephosphorylation of restriction fragments 

After preparative restriction enzyme digestion of vectors for cloning purposes, digested 

vectors were dephosphorylated in order to avoid recircularization of the backbone and hence 

increase the probability of obtaining a construct carrying the desired insert during ligation 

(2.3.5.3.). Therefore, the alkaline phosphatase of the arctic shrimp Pandalus borealis 

(Fermentas GmbH, St. Leon-Rot) was used, which catalyzes the release of 5'-phosphate 
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groups from DNA restriction fragments. The shrimp alkaline phosphatase is active in virtually 

all restriction enzyme buffers, so that 1 µl (1 U) enzyme was directly added to the preparative 

digestion mixture at the end of the digestion and the microtube was further incubated at 37 ºC 

for 30 min, followed by inactivation at 65 ºC for 15 min. Prior to ligation, dephosphorylated 

vectors were purified as described in section 2.3.3.4. 

 

2.3.5.3. Ligation of DNA fragments 

During plasmid construction, a purified insert (PCR product or restriction fragment) and a 

purified, linearized vector were joined by DNA ligation (Weiss et al. 1968). Ligations were 

made with T4 DNA ligase (Fermentas GmbH, St. Leon-Rot), which catalyzes the formation 

of phosphodiester bonds between juxtaposed 5'-phosphate and 3'-hydroxyl terminal groups in 

double-stranded DNA. This enzyme requires ATP as a cofactor and is therefore supplied with 

its own reaction buffer. Depending on the size proportion between the insert DNA and the 

vector backbone, variable concentrations of insert DNA were applied in order to favor the 

desired ligation product. This way, the weight proportion of insert DNA to linearized vector 

was set between 1:1 and 7:1 for every ligation mixture. As control of vector recircularization, 

a ligation was performed without insert DNA and then transformed using E. coli for 

comparison of the transformation frequency. Ligations were performed using the following 

composition: 

 

Insert DNA    1-7 µl  app. 5-35 ng/µl 

Linearized vector   1 µl  app. 5 ng/µl 

T4 DNA ligase buffer (10x)  2 µl   

T4 DNA ligase (5 U/µl)  1 µl  0.25 U/µl 

H2O     ad 20 µl 

 

The microtube containing the ligation mixture was incubated at room temperature for 1 h or in 

a decreasing temperature gradient from 30 ºC to 4 ºC overnight and the T4 DNA ligase was 

finally inactivated by incubation at 65 ºC for 10 min. The ligation mixture was then used for 

transformation of E. coli chemically competent cells, as explained in section 2.4.1.2. 
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2.4. DNA transfer in bacteria 

2.4.1. DNA transfer in Escherichia coli 

Plasmid cloning and conservation involved transforming into competent cells of E. coli. For 

this purpose, two transformation methods were used: transformation by heat shock and 

electroporation. Electroporation is usually less time-consuming than transformation by heat 

shock, but it is not convenient for direct transformation of ligation products, as the high salt 

concentration present in a ligation mixture might cause an electrical discharge when applying 

an electrical field to the competent cells, thereby reducing cell viability.  

E. coli does not exhibit natural competence, so before transforming a plasmid into a certain 

E. coli strain, competent cells of the strain in question had to be prepared for the selected 

transformation method. Chemically competent and electrocompetent E. coli cells could be 

kept at -80 ºC for at least three months without losing viability or competence. The following 

sections describe the protocols for preparation of competent cells and transformation into all 

E. coli strains. 

 

2.4.1.1. Preparation of chemically competent cells 

Competent cells of all E. coli strains were prepared with a modification of the method 

optimized for E. coli DH5α (Inoue et al. 1990). Therefore, a preculture of the E. coli strain 

was inoculated in 5 ml LB medium and incubated at 37 ºC overnight. A baffled 2-l 

Erlenmeyer flask with 250 ml SOB medium (see 2.2.1.2.) was inoculated with the preculture 

and incubated at 18 ºC and 30 rpm, until an O.D.600-value of 0.6-0.8 was reached (app. 24 h). 

The culture was then incubated on ice for 10 min, divided in two 250-ml centrifuge bottles 

with screw caps and centrifuged at 4,000 g and 4 ºC for 10 min. Each cell pellet was 

suspended in 40 ml TB buffer, transferred into a sterile 50-ml centrifuge tube and further 

incubated on ice for 10 min. Cell suspensions were then centrifuged in a “Sigma 2K15” 

centrifuge (Sigma GmbH, Osterode) at 2,576 g and 4 ºC for 10 min. Each pellet was 

suspended in 10 ml TB buffer and finally, 750 µl sterile DMSO (dimethyl sulfoxide) were 

slowly added to each suspension. The centrifuge tubes were incubated on ice for 10 min and 

200-µl aliquots were pipetted into sterile 1.5-ml microtubes. Closed microtubes were chilled 

by immersion in liquid nitrogen and competent cells were stored at -80 ºC until 

transformation. 
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TB (transformation buffer) (Inoue et al. 1990) 

KCl    18.6 g  249 mM 

MnCl2 · 4 H2O  10.9 g    55 mM  

PIPES      3 g    10 mM 

CaCl2      1.7 g    15 mM  

H2O   ad 1,000 ml 

 

All the components (except for MnCl2 · 4 H2O) were mixed and the pH value was adjusted to 

6.7 with 1 M KOH. Then, MnCl2 · 4 H2O was added and the solution was filtered into a 

previously autoclaved glass flask using a 0.2-µm sterile filter. The buffer was stored at 4 ºC. 

 

2.4.1.2. Transformation in chemically competent E. coli 

Purified plasmids (2.3.1.4.) and ligation products (2.3.5.3.) were transformed in competent E. 

coli cells with a modified protocol based on the method optimized for E. coli DH5α (Inoue et 

al. 1990). Therefore, 1.5 µl purified plasmid (app. 100-200 ng) or 10 µl of a ligation mixture 

were added to a microtube with a 200-µl aliquot of competent cells freshly thawed on ice 

(2.4.1.1.) and the microtube was incubated on ice for 30 min. Cells were exposed to heat 

shock at 42 ºC for 60 s in order to induce DNA intake. The microtube was then further 

incubated on ice for 10 min. Regeneration of cell metabolism was favored by the addition of 

800 µl SOC medium (see 2.2.1.2.) and incubation on a rotary shaker at 175 rpm and 37 ºC for 

1 h. In order to concentrate the cell suspension and favor recovering of transformed cells after 

streaking on selective plates, the microtube was centrifuged at 2,415 g for 1 min using a 

benchtop “MiniSpin®” centrifuge (Eppendorf AG, Hamburg) and 800 µl of the supernatant 

were discarded. The cell pellet was carefully suspended in the residual supernatant volume 

and the complete suspension was streaked on a LB plate (2.2.1.2.) supplemented with an 

appropriate antibiotic concentration (2.2.1.3.). Plates were incubated at 37 ºC for 1-2 days 

until colonies were visible. As a control of antibiotic selection and cell viability, the procedure 

was done simultaneously without adding foreign DNA to the competent cells. After 

regeneration cells were streaked on LB plates with and without antibiotic. 
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2.4.1.3. Preparation of electrocompetent cells 

Electrocompetent cells of all E. coli strains were prepared with a modification of the method 

optimized for E. coli DH5α (Dower and Miller 1988). For this purpose, a preculture of the 

E. coli strain was inoculated in 5 ml LB medium and incubated at 37 ºC overnight. A baffled 

2-l Erlenmeyer flask with 250 ml LB medium (see 2.2.1.2.) was inoculated with the 

preculture and incubated at 37 ºC and 150 rpm, until an O.D.600-value of 0.5-0.7 was reached 

(2-4 h). The culture was then incubated on ice for 15 min, divided in two 250-ml centrifuge 

bottles with screw caps and centrifuged at 4,000 g and 4 ºC for 10 min. Ionic strength of the 

suspensions was reduced by washing each pellet with 125 ml ice-cold sterile water, followed 

by centrifugation at 4,000 g and 4 ºC for 10 min. After supernatants were discarded, each cell 

pellet was suspended in 62.5 ml ice-cold sterile water and centrifuged again as above. Each 

pellet was then suspended in 12.5 ml ice-cold sterile 10 % glycerol (w/v). Cell suspensions 

were transferred into sterile 50-ml centrifuge tubes and centrifuged in a “Sigma 2K15” 

centrifuge (Sigma GmbH, Osterode) at 4,025 g and 4 ºC for 10 min. Each pellet was finally 

resuspended in 700 µl sterile 10 % glycerol (w/v) and 50-µl aliquots were pipetted into sterile 

1.5-ml microtubes. Closed microtubes were chilled by immersion in liquid nitrogen and the 

frozen competent cells were stored at -80 ºC until transformation. 

 

2.4.1.4. Electroporation in E. coli 

Purified plasmids (2.3.1.4.) were electroporated in competent E. coli cells using the protocol 

previously optimized for E. coli DH5α (Dower and Miller 1988). Electroporation was 

particularly convenient for avoiding plasmid loss in E. coli strains already carrying a plasmid 

(such as E. coli CA434) during transformation with a second plasmid. For electroporation, 

2 µl of the purified plasmid (app. 100-200 ng) were added to a microtube containing a 50-µl 

aliquot of electrocompetent cells freshly thawed on ice (2.4.1.3.) and the microtube was 

incubated on ice for 1 min. The mixture of cells and plasmid DNA was transferred to a cold 

0.2-cm electroporation cuvette (Biozym Scientific GmbH, Oldendorf) and the cuvette was 

inserted in the sample chamber of a “Gene Pulser Xcell™” pulse generator (Bio-Rad 

Laboratories GmbH, Munich). A pulse was applied to the cuvette with a capacity of 25 µF, a 

voltage of 2.5 kV, and a resistance of 200 Ω, resulting in a time constant of 4.5-5 ms. The 

pulse induced a short perforation of the cell membrane and allowed intake of foreign plasmid 

DNA into the electrocompetent cells. Immediately afterwards, 800 µl SOC medium (see 

2.2.1.2.) were added to the cells at room temperature, whereupon the mixture was transferred 
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into a sterile 1.5-ml microtube and incubated on a rotary shaker at 175 rpm and 37 ºC for 1 h. 

After this cell regeneration period, 200 µl of the cell suspension were streaked on a LB plate 

(2.2.1.2.) supplemented with an appropriate antibiotic concentration (2.2.1.3.). In order to 

concentrate the residual cell suspension, the microtube was centrifuged at 2,415 g for 1 min 

using a benchtop “MiniSpin®” centrifuge (Eppendorf AG, Hamburg) and 450 µl of the 

supernatant were discarded. The cell pellet was carefully suspended in the residual 

supernatant volume and this suspension was equally streaked on a selective LB plate. Plates 

were incubated at 37 ºC for 1-2 days until colonies were visible. As a control of antibiotic 

selection and cell viability, the procedure was done simultaneously without adding foreign 

DNA to the competent cells and finally cells were streaked on LB plates with and without 

antibiotic. 

 

2.4.2. DNA transfer in clostridia by conjugation 

Conjugation of purified plasmids in Clostridium sp. IBUN 158B strains was achieved with a 

modification of the protocol recently published for C. butyricum (Cai et al. 2011), which is in 

turn based on the conjugation protocol previously published for C. difficile (Purdy et al. 

2002). These protocols use the conjugative strain E. coli CA434 as a donor for the 

introduction of plasmids into clostridial strains, thus partially circumventing their restriction 

barrier and obviating the need for previous plasmid methylation. For conjugation experiments, 

the plasmid to be conjugated was first electroporated in E. coli CA434 (2.4.1.4.) and the 

resulting recombinant strain was inoculated in 5 ml LB medium (2.2.1.2.) supplemented with 

15 µg/ml chloramphenicol. The recipient Clostridium sp. IBUN 158B strain was 

simultaneously inoculated in 5 ml anaerobic TSB medium (2.2.1.2.) and both strains were 

incubated at 37 ºC overnight. The cultures were then introduced in the anaerobic chamber, 

where the rest of the protocol was performed. First, a 1-ml aliquot of the E. coli CA434 

culture was transferred into a sterile 1.5-ml microtube and centrifuged at 2,851 g for 1 min 

using a “Universal 320R” centrifuge (Andreas Hettich GmbH & Co. KG, Tuttlingen). The 

cell pellet was washed with 1 ml sterile PBS buffer (2.3.1.2.) and centrifuged again as 

mentioned above. The harvested E. coli CA434 cells were carefully resuspended in 200 µl of 

the clostridial culture and this mating mix was spotted in 10-µl aliquots onto a TSA agar plate 

without antibiotics. The agar plate was incubated at 37 ºC for 7 h without inverting, in order 

to keep the fluid mix on the surface and to allow the desired conjugation events. Afterwards, 

transconjugants were harvested by flooding the agar surface with 500 µl PBS buffer and 
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scraping off with a sterile spreader. This procedure was repeated to ensure good recovery of 

transconjugants, and the cell suspension was plated onto a TSA agar plate supplemented with 

10 µg/ml colistin (to counterselect the E. coli donor strain) and 20 µg/ml thiamphenicol (to 

select for plasmid uptake). The plate was incubated at 37 ºC for 24-72 h, until colonies were 

visible. Transconjugant colonies were re-streaked onto a new selective TSA agar plate and 

further incubated under the same conditions, in order to allow copious growth of each 

clostridial clone and to eliminate traces of the E. coli donor strain. 

 

2.4.3. Blue/white screening (α-complementation) 

During cloning strategies involving ligation of a DNA insert in a vector containing a lacZα 

gene with an integrated multiple cloning site, such as pDrive (Qiagen GmbH, Hilden), 

positive clones carrying the desired construct can be easily identified by means of blue/white 

screening. The E. coli strains used in this work for such cloning strategies (XL1-Blue MRF' 

and DH5α) bear the chromosomal deletion lacZΔM15 and, thus, they cannot produce a 

functional β-galactosidase unless they are complemented with a plasmid expressing the lacZα 

gene, such as the recircularized pDrive (α-complementation). Nevertheless, when the plasmid 

containing the desired insert is successfully transformed into one of these E. coli strains, the 

DNA insert disrupts the lacZα gene of the vector and α-complementation does not take place. 

The enzyme β-galactosidase (encoded by the lacZα gene) can cleave not only lactose, but also 

the colorless substrate X-gal (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside), yielding 

galactose and an indigo blue dye in the presence of oxygen. This way, after ligation of the 

DNA insert in a vector such as pDrive (2.3.5.3.) and transformation into one of the 

aforementioned E. coli strains (2.4.1.2.), colonies containing the desired construct should 

appear white in the presence of X-gal due to the lack of a functional β-galactosidase, while 

religants carrying a reconstituted lacZα gene on the vector should give rise to blue colonies. 

For blue/white screening, a selective LB agar plate was spread with 40 µl IPTG solution (30 

mg/ml in 96 % ethanol (v/v)) and 80 µl X-gal solution (20 mg/ml in dimethylformamide, kept 

in the dark) shortly before streaking the regenerated cell suspension arising from 

transformation onto the plate (see 2.4.1.2.). The addition of IPTG (isopropyl-β-D-1-

thiogalactopyranoside) provokes induction of the Plac promoter on the vector (controlling 

expression of the lacZα gene), which is otherwise inhibited by the product of the lacI gene 

encoded on the same vector. 
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2.5. Determination of transcriptional start points 

In order to determine transcriptional start points of relevant genes on the genome of a 

clostridial strain and hence to predict the corresponding promoter sequences, primer extension 

experiments were conducted. In such experiments, a reverse primer located 50-300 bp 

downstream of the start codon of the corresponding gene was used for a radioactive cDNA 

synthesis reaction (primer extension) with total RNA of the relevant strain as template. In 

parallel, a radioactive sequencing reaction of the corresponding genomic region was 

performed with the same reverse primer according to the “chain termination” method (Sanger 

et al. 1977). Comparison of the products of both reactions by means of polyacrylamide gel 

electrophoresis (PAGE) allowed identification of the sequence point where the primer 

extension reaction stops, corresponding to the sought transcriptional start point. The following 

sections describe the methods applied for the sequencing and cDNA synthesis reactions, as 

well as the protocol for reaction analysis using a PAGE gel. All steps involving radioactive 

isotopes were performed in a laboratory suited for radioactive work. 

 

2.5.1. Radioactive sequencing reaction (Sanger method) 

The efficiency of the sequencing reaction is higher when the genomic region containing the 

sought transcriptional start point is cloned in a suitable vector and the resulting plasmid is 

used as DNA template. Therefore, the relevant genomic region was first amplified using a 

forward primer binding to the 3'-end of the contiguous upstream gene and a reverse primer 

binding to the 5'-end of the analyzed gene. After ligation of the amplified fragment in pDrive 

(Qiagen GmbH, Hilden) or pJet1.2/blunt (Fermentas GmbH, St. Leon-Rot), transformation in 

E. coli XL1-Blue MRF' or E. coli DH5α and plasmid isolation, the resulting plasmid was 

diluted to a concentration of app. 60 ng/µl and used as a template for the sequencing reaction. 

Sequencing was performed with the same reverse primer used for the cloning strategy and 

with the aid of the “T7 Sequencing Kit” (GE Healthcare Europe GmbH, Freiburg) according 

to manufacturer’s instructions. Initial annealing of the reverse primer to the plasmid was made 

according to the “Procedure C: Standard annealing of primer to double-stranded template”, 

using 10 pmol reverse primer and 1.9 µg plasmid as template DNA. Sequencing was then 

performed according to the “Procedure D: Sequencing reactions” with the “Read Short” 

conditions, using “Labeling Mix-dATP” and 10 µCi (0.4 MBq) [α-
32

P]-dATP in order to 

obtain radioactive sequencing products. At the end, four 1.5-ml microtubes were obtained, 

containing the sequencing products ending with each one of the four dideoxynucleotides. The 
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microtubes were stored at -20 ºC in lead containers until loading in a PAGE gel together with 

the primer extension products (within two weeks). 

 

2.5.2. Radioactive primer labeling 

The same reverse primer previously used for the sequencing reaction (2.5.1.) was labeled with 

[γ-
32

P]-ATP, in order to generate radioactive products during the primer extension reaction. 

Labeling was made with T4 polynucleotide kinase (Fermentas GmbH, St. Leon-Rot), which 

catalyzes the transfer of the γ-phosphate from radioactive ATP to the 5'-OH group of the 

dephosphorylated reverse primer. The protocol for 5'-end labeling in the forward reaction was 

performed by preparing the following mixture in a 1.5-ml microtube:  

 

Reverse primer (10 µM)     2 µl  1 µM 

Reaction buffer A (10x)     2 µl   

PEG 6000 (24 % w/v)     4 µl  4.8 % (w/v) 

[γ-
32

P]-ATP (10 µCi/µl (370 kBq/µl))   4 µl  2 µCi/µl (74 kBq/µl) 

T4 polynucleotide kinase (10 U/µl)    2 µl  1 U/µl 

RNase-free H2O    ad 20 µl 

 

10x Reaction buffer A and 24 % PEG (polyethylene glycol) 6000 (w/v) are supplied together 

with the T4 polynucleotide kinase. After incubation at 37 ºC for 20 min and inactivation at 

75 ºC for 10 min, the labeled primer was purified from unincorporated [γ-
32

P]-ATP using an 

“illustra™ MicroSpin™ G-25” column (GE Healthcare Europe GmbH, Freiburg) according 

to the manufacturer’s instructions. Labeling efficiency was determined with a liquid 

scintillation counter by measuring the radiation of 1:1,000 aqueous dilutions of the labeling 

mix before and after purification. The labeled reverse primer was stored at -20 ºC in a lead 

container until proceeding with the primer extension reaction (within two weeks).  

 

2.5.3. Primer extension (cDNA synthesis) with labeled primer 

Once the same reverse primer used for the sequencing reaction was radioactively labeled 

(2.5.2.), a primer extension reaction was performed using total RNA from the investigated 

clostridial strain as template (see 2.3.1.3.). For this purpose, app. 10 µg RNA and 270-400 nCi 
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(10-15 kBq) labeled reverse primer were pipetted in a sterile 1.5-ml microtube and filled up to 

11 µl with RNase-free water. The mixture was denatured at 70 ºC for 10 min, followed by 

chilling on ice for 5 min and hybridizing at 42 ºC for 1 h.  

Synthesis of cDNA was then started with the aid of the “SuperScript™ II Reverse 

Transcriptase” kit (Life Technologies GmbH, Darmstadt) by adding the following 

components to the reaction mixture:  

 

Hybridized mixture      11 µl   

“First-Strand” buffer (5x)
1
       4 µl   

DTT (100 µM)
1
        2 µl  10 µM 

“SuperScript™ II” reverse transcriptase (200 U/µl)
1
   1 µl  10 U/µl 

dNTPs (10 mM each)        1 µl    0.5 mM each 

“RiboLock™ RNAse Inhibitor” (40 U/µl)
2
     1 µl    2 U/µl 

Total volume       20 µl 

1
 Included in the „SuperScript™ II Reverse Transcriptase” kit. 

2
 Fermentas GmbH, St. Leon-Rot. 

 

The reaction mixture was further incubated at 42 ºC for 1 h in order to allow cDNA synthesis. 

At the end, the reaction was stopped by adding 4 µl 1 M NaOH and incubating at room 

temperature for 10 min. The mixture was then neutralized with 4 µl 1 M HCl and cDNA was 

precipitated by the addition of 22 µl H2O, 5 µl 3 M sodium acetate and 100 µl 96 % ethanol 

(v/v). After incubating at -20 ºC for 30 min, the mixture was centrifuged at 16,873 g for 

30 min using an “Eppendorf 5418” centrifuge (Eppendorf AG, Hamburg). The supernatant 

was discarded and the pellet was washed with 1 ml 70 % ethanol (v/v), followed by 

centrifuging at 16,873 g for 10 min and drying the remaining pellet at 37 ºC for 1 h. 

Radioactive cDNA was finally suspended in 6 µl “Stop Solution” from the “T7 Sequencing 

Kit” (GE Healthcare Europe GmbH, Freiburg), accompanied with incubation at 37 ºC for 

10 min. The primer extension product was stored at -20 ºC in a lead container until loading in 

a PAGE gel together with the products of the sequencing reaction (within two weeks). 
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2.5.4. Polyacrylamide gel electrophoresis (PAGE) for primer extension reactions 

Each primer extension product was compared to the four products of the sequencing reaction 

performed with the same reverse primer (one for each dideoxynucleotide) in a sequencing 

PAGE gel with 6 % acrylamide/bisacrylamide (w/v) (Rotiphorese® Gel 40 (29:1); Carl Roth 

GmbH + Co. KG, Karlsruhe) using a “Model S2” sequencing apparatus (Biometra GmbH, 

Göttingen). In order to cast the gel, the glass plates were thoroughly cleaned with isopropanol 

and the sandwich of glass plates and side spacers was assembled in the corresponding casting 

clamp. The sandwich was held at a 25 º-35 º angle on one bottom corner, while the still fluid 

sequencing PAGE gel was quickly poured between the glass plates using a small beaker. As 

the gel sandwich filled, the casting clamp was gradually lowered until reaching an angle of 

app. 5 º. The gel mold was slightly overfilled and the sharkstooth combs were inserted 

between the glass plates by their flat edge to a depth of app. 3 mm. The combs were clamped 

to the top of the long glass plate and the gel sandwich was left in its near-horizontal position 

overnight, until the acrylamide was completely polymerized. The top clamps were then 

removed and the combs were carefully slid from between the glass plates. After the gel 

sandwich was removed from the casting clamp and secured in the sequencing apparatus with 

the short glass plate inward, the top of the gel was rinsed with 1x TBE buffer and the top and 

front chambers of the apparatus were filled with app. 450 ml 1x TBE buffer, respectively. The 

sharkstooth combs were then reinserted between the glass plates with the teeth toward the gel, 

until they just made contact with the surface of the gel. 

Before loading the samples, the gel was pre-electrophoresed at 1.5 kV, 46 mA and 60 W for 

30 min. In the meanwhile, 3 µl of each DNA sample were denatured at 80 °C for 2 min and 

chilled on ice for 5 min. The wells of the gel were rinsed with 1x TBE buffer and 2 µl 

samples of the sequencing and primer extension reactions were loaded in contiguous wells 

using a micropipette. Electrophoresis was then performed with the same settings as above for 

2 h. At the end, the gel sandwich was removed from the sequencing apparatus and laid flat on 

paper towels. The short glass plate was pried off with a thin spatula and the gel was 

transferred to a layer of “Whatman®” paper. After covering the opposite side of the gel with 

plastic wrap, the gel was dried at 70 °C for 45 min using a gel drying system with vacuum 

(Biometra GmbH, Göttingen). The gel was finally put inside a “Hypercassette™” (GE 

Healthcare Europe GmbH, Freiburg) and a radiosensitive “Hyperfilm™ MP” was laid on it in 

a dark room. The radiosensitive film was exposed to the gel for 24-96 h before processing. 
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Sequencing PAGE gel 

Urea        42.1 g  7 M  

Rotiphorese® Gel 40 (29:1)      15 ml   6 % (w/v)  

TBE (10x)       10 ml  

Ammonium persulfate (440 mM)      0.5 ml  2.2 mM 

TEMED       50 µl   3.3 mM  

H2O      ad 100 ml 

 

Urea was first weighed and dissolved in 50 ml water on a magnetic stirrer with mild warming, 

then Rotiphorese® Gel 40 (29:1) and 10x TBE buffer were added and dissolved by further 

agitation. The solution was filled up to 100 ml with water and unsolved particles were 

removed by filtering through a filter paper. Finally, ammonium persulfate and TEMED were 

added directly after each other and after agitating for some seconds, the fluid gel was poured 

between the glass plates of the sequencing apparatus as explained above.  

 

10x TBE (Tris-boric acid-EDTA) buffer 

Tris    108 g   891 mM  

H3BO3      55.1 g  891 mM  

EDTA, disodium salt      9.3 g    25 mM 

H2O    ad 1,000 ml 

 

The pH value was adjusted to 8.3 using 1 M HCl. 

 

2.6. Gene inactivation with the “ClosTron™ Gene Knockout System” 

The ClosTron® Gene Knockout System” was used for gene inactivation in Clostridium sp. 

IBUN 158B by targeted integration of the group II Ll.LtrB intron. This mutagenesis system 

uses targeted plasmids based on ClosTron vectors for bringing the Ll.LtrB intron into the cells 

where a gene inactivation is intended to occur. The first ClosTron vector to be published was 

pMTL007, whose publication came together with the corresponding protocol for targeted 

gene inactivation in clostridia (Heap et al. 2007). Later on, an improved version was designed 

based on a modular system for clostridial shuttle plasmids (Heap et al. 2009; Heap et al. 
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2010), giving rise to the vector pMTL007C-E2. The composition and working principle of the 

ClosTron vectors has been explained in section 1 (see Fig. 4). The main difference between 

the two aforementioned ClosTron vectors regarding the scope of this work is the fact that 

intron expression from pMTL007 has to be induced with IPTG, while intron expression from 

pMTL007C-E2 is constitutive. There is also a significant size difference between both vectors 

(see Table 2), which could have a positive influence for the conjugation of pMTL007C-E2-

based plasmids compared to pMTL007-based plasmids. 

Before starting with construction of a targeted ClosTron plasmid, a fragment of the coding 

sequence of each gene to inactivate had to be amplified and sequenced from genomic DNA of 

Clostridium sp. IBUN 158B. This sequence was analyzed with the Targetron Design Site 

“http://www.sigma-genosys.com/targetron/” (Sigma-Aldrich Chemie GmbH, Steinheim) in 

order to identify possible intron insertion sites inside the corresponding gene. For each 

selected insertion site, the program returned the sequences of specific primers IBS, EBS1d 

and EBS2, which were used for retargeting the ClosTron vectors to the corresponding 

insertion site. After synthesis of the specific primers by biomers.net GmbH (Ulm), a one-step 

SOE (splicing by overlap extension)-PCR (Ho et al. 1989) was performed using the specific 

primers together with the EBS Universal primer. The PCR was performed using ReproFast 

DNA polymerase (Genaxxon Bioscience GmbH, Aidenbach) according to the protocol of 

section 2.3.3.1., but with 1 µl of a specific primer mix (IBS primer and EBS1d primer, 10 µM 

each; EBS2 primer and EBS Universal primer, 2 µM each) instead of two separate primers. 

As DNA template, a 1:10 aqueous dilution of the “Intron PCR Template” included in the 

“TargeTron® Gene Knockout System” (Sigma-Aldrich Chemie GmbH, Steinheim) was 

added. The PCR was conducted with the standard PCR temperature program (2.3.3.2.), 

including 50 ºC annealing temperature and 45 s elongation time. The product of this SOE-

PCR corresponded to the targeted region of an Ll.LtrB intron that should insert into the gene 

to inactivate. 

The resulting 350-bp PCR product was double-digested by means of a preparative restriction 

enzyme digestion with HindIII and BsrGI according to the standard protocol (2.3.5.1.), but 

with 2x Tango™ buffer (Fermentas GmbH, St. Leon-Rot) in the final reaction mixture. The 

ClosTron vector (either pMTL007 or pMTL007C-E2) was digested in the same way and 

finally dephosphorylated (2.3.5.2.). The resulting restriction fragments were purified as 

described in section 2.3.3.4. and then ligated with a weight proportion insert:vector of 3:1, 

after the DNA concentration of each fragment was determined (see 2.3.2.3. and 2.3.5.3.). The 

ligation product was transformed in chemically competent E. coli XL1-Blue MRF' or E. coli 
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DH5α cells according to the protocol of section 2.4.1.2., selecting transformants with 

15 µg/ml chloramphenicol. An overnight culture of a resulting recombinant clone was used 

for plasmid DNA isolation (2.3.1.4.). The structure of the isolated ClosTron plasmid was 

controlled by analytical restriction enzyme digestion with HindIII and BsrGI according to the 

standard protocol (2.3.5.1.), including 2x Tango™ buffer in the final reaction mixture. If the 

expected bands were observed on the corresponding agarose gel (app. 350 bp for the insert 

and either 11,500 bp for the pMTL007-backbone or 8,600 bp for the pMTL007C-E2-

backbone), the sequence of the retargeted region was further verified by sequencing with the 

reverse primer pMTL007-R1.  

Each targeted ClosTron plasmid was electroporated into the conjugative strain E. coli CA434 

(as outlined in section 2.4.1.4.). After successive electroporation, an overnight selective LB 

culture of the recombinant E. coli CA434 strain was used for conjugation into Clostridium sp. 

IBUN 158B (2.4.2.). Transconjugants were selected on TSA plates supplemented with 

20 µg/ml thiamphenicol and 10 µg/ml colistin. Single colonies were then consecutively 

inoculated in 1 ml and 5 ml TSB medium supplemented with the same antibiotics and from 

the latter cultures, genomic DNA was isolated (as described in section 2.3.1.1.). The presence 

of the ClosTron plasmid in the isolated clones of Clostridium sp. IBUN 158B was verified by 

amplification of the ltrA gene (contained in the backbone of the ClosTron plasmids).  

Finally, each Clostridium sp. IBUN 158B transconjugant strain was inoculated in 1 ml TSB 

medium supplemented with 10 µg/ml thiamphenicol and used for selection of intron 

integrants. The culture was incubated at 37 ºC for 4 h, whereupon intron expression was 

induced after 3 h in transconjugants bearing pMTL007-based plasmids by adding IPTG to a 

final concentration of 1 mM. Afterwards, the culture was introduced in the anaerobic 

chamber, transferred into a 1.5-ml microtube, and centrifuged at 4,105 g for 1 min using a 

“Universal 320R” centrifuge (Andreas Hettich GmbH & Co. KG, Tuttlingen). The resulting 

cell pellet was washed with 0.5 ml PBS buffer (2.3.1.2.), centrifuged again as above and 

suspended in 1 ml fresh TSB medium without antibiotic. Cells were allowed to regenerate at 

37 ºC for 3 h. The culture was then centrifuged once more and 800 µl of the supernatant were 

discarded. The cell pellet was suspended in the residual supernatant and streaked on a TSA 

plate supplemented with 2.5 µg/ml erythromycin, in order to select for integrants. Arising 

colonies were streaked on a new selective TSA plate and further incubated at 37 ºC for 1-3 

days. At the end, resistant clones were consecutively inoculated in 1 ml and 5 ml TSB 

medium supplemented with 2.5 µg/ml erythromycin. Genomic DNA was isolated from the 

latter cultures (2.3.1.1.) and the occurrence of a genomic insertion was verified by 
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amplification of the ermB resistance gene included in the Ll.LtrB intron, which after splicing 

out of the group I td intron exhibits a 393 bp shorter sequence than in the ClosTron plasmid. 

The specificity of the integration event was evaluated by means of a PCR with primers 

flanking the targeted insertion site, so that the amplified product should be 1,781 bp longer 

after a specific integration event than in the genome of the original strain Clostridium sp. 

IBUN 158B WT. 

 

2.7. Computer tools for molecular biology 

2.7.1. Primer design tools 

Primers for the amplification of specific genomic fragments were designed with the aid of the 

program “Clone Manager 7.11” (Scientific & Educational Software, Cary (USA)), where the 

template DNA sequence can be saved and design parameters such as target region, product 

size, primer length, melting temperature, (G+C)-content, runs of the same base, and 3'-end 

sequence can be adjusted. Candidate primers were then tested for hairpin or dimer formation 

using the web application “OligoAnalyzer 3.1” (Integrated DNA Technologies BVBA, 

Munich).  

 

2.7.2. Sequence analysis and assembly tools 

Annotated DNA sequences used in this work were retrieved from the public DNA database 

GenBank (Benson et al. 2011), while annotated protein sequences were retrieved from the 

UniProtKB database (The Uniprot Consortium 2012). Raw DNA sequences were obtained as 

plain text files directly from the sequencing company (GATC Biotech AG, Konstanz; see 

2.3.4.). The program “Clone Manager 7.11” (Scientific & Educational Software, Cary (USA)) 

was used for manual edit, analysis, annotation, and storage of DNA sequences, as well as for 

cloning simulations and prediction of restriction sites and fragments. Paired alignments of 

DNA or amino acid sequences were achieved using ClustalW 2.0 (Larkin et al. 2007), which 

also supported manual DNA sequence assembly. Comparison of available DNA or protein 

sequences to the databases GenBank and UniProtKB was made using the “Basic Local 

Alignment Research Tool” BLAST 2.2.27+ (Camacho et al. 2009), while comparison of 

protein sequences to the “Conserved Domain Database” (CDD) was made with the “Batch 

CD-Search” tool (Marchler-Bauer et al. 2011). Retrieval of additional DNA and amino acid 

sequence features such as (G+C)-content, palindromes, open reading frames, codon 
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adaptation index, or isoelectric points, as well as special sequence edition tasks such as 

reversing and complementing DNA sequences or translating into protein sequences were 

carried out using the “European Molecular Biology Open Software Suite” EMBOSS (Rice et 

al. 2000). 
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3. Results 

3.1. Characterization and cloning of genes involved in the glycerol 

reductive pathway of Clostridium sp. IBUN 13A 

In order to overexpress the genes involved in the glycerol reductive pathway of Clostridium 

sp. IBUN 13A in Clostridium sp. IBUN 158B, it was first important to characterize the 

genomic region where they are located. In a previous work, the coding regions of the 

contiguous genes dhaB1, dhaB2, and dhaT of Clostridium sp. IBUN 13A were sequenced, 

together with their corresponding intergenic regions (Montoya 2008). These genes encode a 

coenzyme B12-independent glycerol dehydratase (GD), its activator protein, and a 1,3-PD 

dehydrogenase, respectively. Ribosome binding sites (RBS) were also predicted 8-10 

nucleotides upstream of the start codon of each gene by similarity to the consensus Shine-

Dalgarno sequence of bacteria (Shine and Dalgarno 1975). Due to the proximity of these 

genes to each other, no presence of transcriptional elements between them was considered in 

the first instance and the genomic region was recognized as a 1,3-PD locus (Fig. 5), due to its 

similarity to the 1,3-PD operon reported for C. butyricum (Raynaud et al. 2003). Nevertheless, 

elements that regulate transcription of the three genes had to be characterized before 

designing an overexpression strategy for this locus. The characterization approach used 

during this work was based on sequence analysis and primer extension experiments for 

determination of transcriptional start points. By using the collected data, primers could be 

designed for cloning the 1,3-PD locus inside the pMTL007C-E2 vector under the control of 

the constitutive Pfdx promoter.   

 

3.1.1. Sequencing and analysis of the 1,3-PD locus of Clostridium sp. IBUN 13A  

In order to complete sequencing of the 1,3-PD locus of Clostridium sp. IBUN 13A, primer 

pairs were designed for the intergenic regions directly upstream and downstream of the 1,3-

PD operon of C. butyricum. The primers dhaA-3'-F1 (forward) and ahpC-5'-R1 (reverse) were 

designed based on the last 200 bp of the dhaA gene and the first 200 bp of the ahpC gene of 

C. butyricum (GenBank AY112989). Meanwhile, the primers dhaB1-5'-R1 (reverse) and 

dhaT-3'-F2 (forward) were designed based on the first 200 bp of the dhaB1 gene and the last 

150 bp of the dhaT gene of the Clostridium sp. IBUN 13A, respectively. Fragments of 458-

543 bp were amplified from genomic DNA of Clostridium sp. IBUN 13A using the primer 

pairs dhaA-3'-F1 / dhaB1-5'-R1 or dhaT-3'-F2 / ahpC-5'-R1 and PANScript DNA polymerase. 
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For the PCR programs, an annealing temperature of 50-52 ºC and an extension time of 60-90 

s were used. The purified PCR products were ligated into the cloning vector pDrive and 

transformed into E. coli XL1-Blue MRF'. Transformants were then isolated from LB plates 

supplemented with ampicillin through blue/white screening. After incubation of these clones 

in LB medium with the same antibiotic, plasmids were isolated and sequenced using the M13 

uni (-43) reverse primer. Every fragment was cloned and sequenced twice, in order to 

overcome possible cloning artifacts and sequencing mistakes. The obtained sequences were 

manually assembled with the previously existing sequences using Clone Manager 

Professional Suite 7 and ClustalW2. Finally, the resulting sequence was submitted to 

GenBank as the entry DQ901408, which covers a genomic region of 5,273 bp (Fig. 5).  

Regarding sequence analysis, a putative rho-independent terminator was found in the 

intergenic region dhaT-ahpC using the application “palindrome” of EMBOSS and general 

rules for prediction of bacterial terminators (Lesnik et al. 2001). This terminator consists of a 

hairpin with a 22 bp stem and a 5 bp loop, located 74 bp downstream of the stop codon of the 

dhaT gene (Fig. 5). The sequence and localization of the terminator in Clostridium sp. IBUN 

13A is similar as for the 1,3-PD operon of C. butyricum, but a 25 bp deletion was found 10 bp 

downstream of the terminator in Clostridium sp. IBUN 13A. The deletion was confirmed by 

amplifying an overlapping DNA fragment from genomic DNA of IBUN 13A using the 

primers TerF1 and ahpC-5'-R3, cloning, and sequencing with the procedures described above.  

 

 

Fig. 5: Structure of the 1,3-PD locus of Clostridium sp. IBUN 13A. a) Primers used for sequencing, 

b) predicted coding regions, transcriptional and translational elements. P, promoter (see 

section 3.1.2.); RBS, ribosome binding sites; T, rho-independent terminator. 
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3.1.2. Promoter localization by primer extension 

Primer extension assays were conducted in order to find the transcriptional start point and the 

corresponding promoter directly upstream of the dhaB1 gene in the genome of Clostridium 

sp. IBUN 13A. These experiments were driven with the reverse primers dhaB1-5'-R1, dhaB1-

5'-R2, and dhaB1-5'-R3, located 95, 261, and 124 bp downstream of the start codon of dhaB1, 

respectively. Reverse primers were radioactively labeled at the 5'-end. Additionally, total 

RNA was isolated from 50-ml glycerol cultures of Clostridium sp. IBUN 13A after 5, 6, 9, 

24, 48, and 72 h of growth. For the reverse transcription reactions, app. 15,000 Bq of each 

labeled primer were hybridized with 10 µg of each RNA, and cDNA synthesis was performed 

directly afterwards with the hybridized samples. 

On the other hand, sequencing reactions were performed with each of the reverse primers 

mentioned above, in order to identify the transcriptional start point by direct comparison to 

the cDNA fragments produced before. Therefore, three fragments from 458 to 624 bp 

containing the intergenic region dhaA-dhaB1 of Clostridium sp. IBUN 13A were amplified 

using the forward primer dhaA-3'-F1 and the reverse primers dhaB1-5'-R1, dhaB1-5'-R2 or 

dhaB1-5'-R3, respectively. ReproFast DNA polymerase and the standard temperature 

program were used for the PCRs, with an annealing temperature of 50-52 ºC and an extension 

time of 90 s. The purified PCR products were ligated in the cloning vectors pDrive or 

pJet1.2/blunt, and transformed in E. coli XL1 Blue MRF' or E. coli DH5α. After inoculation 

of the resulting clones in LB medium supplemented with ampicillin, the plasmids were 

isolated and their structure confirmed by analytical restriction enzyme digestion with BglI or 

BglII. Finally, radioactive sequencing reactions of each plasmid were set up with the 

corresponding reverse primers. Samples of each sequencing reaction were then separated in 

denaturing PAGE gels and compared to the cDNA samples previously synthesized with the 

same reverse primers (Fig. 6).  

For the reverse transcription reactions, strong cDNA bands were expected mainly with the 

RNA samples from 6-9 h growth (exponential phase), when 1,3-PD is actively produced and 

expression of genes from the glycerol reductive pathway should be strong (Aragón 2007). A 

radiography of the gel corresponding to the reverse primer dhaB1-5'-R1 revealed several 

potential start points for transcription of the 1,3-PD locus (Fig. 6). Nevertheless, potential 

promoter sequences were found only for two of these points, located 137 and 37 bp upstream 

of the start codon of the dhaB1 gene. 
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Fig. 6: Primer extension gels with total RNA samples of Clostridium sp. IBUN 13A on glycerol 

medium. a) Complementary sequence from a fragment of the retrotranscribed region, b) 

reverse transcriptions with primer dhaB1-5'-R1, c) reverse transcriptions with primer dhaB1-

5'-R2, d) reverse transcriptions with primer dhaB1-5'-R3. The transcriptional start point found 

is indicated in the sequence and in every gel with an arrow. 

 

Radioactive labeling of the primer dhaB1-5'-R2 yielded a very low efficiency (< 4 %) and 

therefore only two weak cDNA bands were found after reverse transcription with this primer, 

one of them corresponding to the second potential start point found with the primer dhaB1-5'-

R1. Only this cDNA band was also found in the readable region upstream of the start codon 

of dhaB1 after reverse transcription with the primer dhaB1-5'-R3. Thus, it was concluded that 

the real transcriptional start point is located 37 bp upstream of the dhaB1 gene in the genome 

of Clostridium sp. IBUN 13A. 

A potential promoter was found 18 bp upstream of the detected transcriptional start point, 

with the sequence TTAAGC(17 bp)TATTAT. Other conserved motifs known to be important 

promoter elements in Gram-positive bacteria (Voskuil and Chambliss 1998) were also found 

around this sequence, such as a conserved TG motif located between the predicted -35 and -

10 boxes, or three A-tracts from 4 to 6 bp located 12 bp upstream of the -35 box (Fig. 7). 

Therefore, the promoter was annotated in the GenBank accession DQ901408. Interestingly, a 

well-conserved promoter sequence (TTCAGA(18 bp)TATTAT) was also found for the cDNA 
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band obtained 137 bp upstream of the start codon of the dhaB1 gene when using the reverse 

primer dhaB1-5'-R1, though no other conserved elements can be clearly distinguished around 

this putative promoter.  

 

3.1.3. Construction of an overexpression plasmid bearing the 1,3-PD locus of 

Clostridium sp. IBUN 13A 

Once the transcriptional elements of the 1,3-PD locus of Clostridium sp. IBUN 13A were 

characterized, the next goal was to overexpress the genes contained in this locus in 

Clostridium sp. IBUN 158B by means of an overexpression plasmid. In order to avoid natural 

regulation, it was proposed to clone the 1,3-PD locus of Clostridium sp. IBUN 13A under the 

control of a constitutive promoter, instead of the promoter found by primer extension 

upstream of dhaB1. Actually, recent Northern blot and RT-PCR analyses suggest that the 1,3-

PD locus of IBUN 13A is constituted by more than one transcriptional unit (Flüchter 2012), 

supported by the fact that a potential promoter was predicted directly upstream of the dhaT 

gene. Nevertheless, the structure of this locus was preserved and only the promoter upstream 

of dhaB1 was replaced during cloning. 

Regarding the transformation strategy, different variations of the electroporation protocols for 

C. butyricum (Puerto 2001), C. acetobutylicum (Nakotte et al. 1998) and C. ljungdahlii 

(Köpke et al. 2010) were first tried for Clostridium sp. IBUN 158B without success. In the 

end, the conjugation protocol published recently for C. butyricum (Cai et al. 2011) proved to 

be suitable for the Colombian strain. 

 

 

Fig. 7: Sequence of the promoter found upstream of the dhaB1 gene of Clostridium sp. 

IBUN 13A. Relevant features such as transcriptional start point (+1), start codon of the 

putative dhaB1 gene (Start), and others mentioned in the text are underlined. RBS, ribosome 

binding site. 
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This way, the ClosTron vector pMTL007C-E2 was successfully conjugated from the E. coli 

donor strain CA434 into Clostridium sp. IBUN 158B, demonstrating the functionality of the 

conjugative function traJ-oriT and of the Gram-positive replicon pCB102 from C. butyricum. 

Furthermore, genomic integration of the Ll.LtrB intron was achieved from this vector (see 

section 3.2.3.), demonstrating the activity of the constitutive Pfdx promoter in Clostridium sp. 

IBUN 158B. The conjugative vector pMTL007C-E2 was therefore chosen for constitutive 

overexpression of the 1,3-PD locus of Clostridium sp. IBUN 13A in Clostridium sp. IBUN 

158B.   

The cloning strategy was developed during laboratory internships by Nicole Frank and 

Sebastian Flüchter (Flüchter 2012). First, the promoterless 1,3-PD locus was amplified from 

total DNA of Clostridium sp. IBUN 13A using the primers MluI-13PD-F2 / AatII-13PD-R2, 

ReproFast DNA polymerase, and the FailSafe PCR 2X PreMix E. The purified, app. 4,780-bp 

PCR product was ligated into the cloning vector pJet1.2/blunt and transformed in E. coli XL1 

Blue MRF' chemically competent cells. A positive clone was identified on an LB master plate 

supplemented with ampicillin by colony PCR amplifying the dhaT gene, using the primers 

PATB / I1 and ReproFast DNA polymerase. After inoculation of the clone in LB medium 

with ampicillin and plasmid isolation, the promoterless 1,3-PD locus was excised out of the 

plasmid by simultaneous digestion with AatII and MluI. The vector pMTL007C-E2 was also 

digested with AatII and MluI and dephosphorylated. This way, the Ll.LtrB intron and the ltrA 

gene were removed, while religation of the fragments excised from the vector was avoided by 

means of additional NheI restriction. The restricted 1,3-PD locus and the dephosphorylated 

backbone of pMTL007C-E2 were purified, ligated, and transformed in E. coli DH5α. Clones 

were isolated on LB plates supplemented with chloramphenicol and screened by colony PCR 

amplifying the dhaT gene as described above.      

Two positive clones were identified as containing the desired construct. The clones were 

inoculated in LB medium with chloramphenicol and the corresponding plasmids were isolated 

for further analysis. Plasmid structure was analyzed by analytical restriction enzyme digestion 

with AatII and MluI, while their insert was sequenced with the primers PMTL007C-E2-F2, 

C1, F1, G1, H1, and PMTL007C-E2-R1. Similar results were obtained for the plasmids of 

both clones. Analytical restriction enzyme digestion led to the expected two fragments (4,772 

and 5,483 bp), while sequencing revealed that the insert bears 11 single base substitutions 

regarding the original 1,3-PD locus in the genome of Clostridium sp. IBUN 13A. Ten of the 
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substitutions are silent and only one leads to a K489E mutation in the translated DhaB1 

enzyme. Additionally, a single point deletion at the position 1,037 of the dhaT gene was 

found to cause a frameshift in the downstream sequence of this gene, altering the last 40 

aminoacids of the encoded protein. Sequencing of the intermediate plasmid based on the 

cloning vector pJet1.2/blunt showed that all found mutations were also present there, but 

efforts to isolate a new intermediate plasmid or to construct the overexpression plasmid 

directly from a new PCR product were unsuccessful. Given the low efficiency of the strategy 

used for plasmid construction, the available plasmid was used for further genetic engineering 

strategies in Clostridium sp. IBUN 158B. 

The resulting overexpression plasmid pMTL007C-E2_13PD-13A, with a size of 10,255 bp, 

preserves the conjugational function of pMTL007C-E2 and can express the 1,3-PD locus of 

Clostridium sp. IBUN 13A under the control of the Pfdx promoter, together with the lacZα 

gene for blue-white screening (Fig. 8). The plasmid was electroporated into the conjugational 

strain E. coli CA434, so that it can be conjugated into Clostridium sp. IBUN 158B and into its 

inactivation mutants. The plasmid pMTL007C-E2 was also electroporated into E. coli CA434 

as a negative control, in order to account for possible effects of the empty vector on the 

growth and fermentation pattern of Clostridium sp. IBUN 158B after conjugation. The strains 

E. coli CA434 [pMTL007C-E2_13PD-13A] and E. coli CA434 [pMTL007C-E2] were 

isolated from LB plates supplemented with chloramphenicol and preserved in the strain 

collection of the laboratory for later conjugation in IBUN 158B strains. 

 

3.2. Genetic inactivation and overexpression in Clostridium sp. IBUN 

158B 

Once the overexpression plasmid with the 1,3-PD locus of Clostridium sp. IBUN 13A was 

constructed, genetic engineering strategies were developed with Clostridium sp. IBUN 158B. 

The first step was to produce stable inactivation mutants for the genes ldhA, hydA, and hbd 

(encoding the enzymes lactate dehydrogenase, hydrogenase I, and 3-hydroxybutyryl-CoA 

dehydrogenase) by targeted insertion of the Ll.LtrB intron from ClosTron plasmids. The 

overexpression plasmid was then conjugated into the resulting mutants for a combined 

inactivation/overexpression effect. In order to construct targeted ClosTron plasmids for every 

gene, the aforementioned genes had to be first amplified and sequenced from the genome of 

Clostridium sp. IBUN 158B.  
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Fig. 8: Structure of the overexpression plasmid pMTL007C-E2_13PD-13A. pCB102, Gram-

positive replicon from the pCB102 plasmid of C. butyricum; catP, chloramphenicol resistance 

gene; ColE1, Gram-negative replicon from the pMTL20 plasmid of E. coli; traJ, conjugal 

transfer function from the broad-host-range plasmid RK2; Pfdx, constitutive promoter from the 

fdx gene of C. sporogenes; T1, rho-independent terminator of the 1,3-PD locus; T2, terminator 

of the ltrA gene of pMTL007C-E2. 

 

Primer design was made by using homologous genes from the shotgun genome sequence of 

C. butyricum 5521 as a template, which were found in turn by TBLASTN searches with 

reported enzymes from other bacteria (see section 1.). After sequencing of the genes to be 

inactivated in the strain IBUN 158B, screening of the resulting sequences allowed the 

localization and selection of potential integration sites for the ClosTron mutagenesis system. 

 

3.2.1. Sequencing of the genes ldhA, hydA, and hbd of Clostridium sp. IBUN 158B 

In order to sequence representative fragments from the coding sequences of the genes to 

inactivate, the forward primers LdhA-F1, LdhA-F2, HydA-F1, Hbd-F1, and Hbd-F3 and the 

reverse primers  LdhA-R1, LdhA-R2, HydA-R2, Hbd-R1, and Hbd-R2 were designed based 

on the corresponding genes of C. butyricum 5521 (GenBank codes CBY_1054, CBY_2300, 

and CBY_3045). Fragments of each gene ranging from 513 to 1,004 bp were amplified from 

genomic DNA of Clostridium sp. IBUN 158B using the primer pairs LdhA-F1 / LdhA-R1, 

LdhA-F2 / LdhA-R2, HydA-F1 / HydA-R2, Hbd-F1 / Hbd-R1, or Hbd-F3 / Hbd-R2 and 
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PANScript DNA polymerase. For the PCRs, an annealing temperature of 50-60 ºC and an 

extension time of 90 s were used. PCR products were purified from agarose gels, ligated in 

the cloning vector pDrive, and transformed into E. coli XL1-Blue MRF'. Transformants were 

isolated from LB plates supplemented with ampicillin by blue/white screening and further 

grown in LB medium with the same antibiotic. Plasmids were isolated from the latter cultures 

and sequenced with the M13 uni (-43) reverse primer. The whole procedure was performed 

twice with each primer pair, in order to achieve a good sequence quality. Traces of the pDrive 

vector and low quality regions were removed manually from the resulting sequences using 

Clone Manager Professional Suite 7.  

 

 

Fig. 9: Sequenced fragments of the genes a) ldhA, b) hydA, and c) hbd of Clostridium sp. IBUN 

158B. The fragments are compared in length and position to the corresponding genes of 

C. butyricum 5521, while selected integration sites are indicated on each fragment 

(corresponding GenBank codes are mentioned in the text). 
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The sequences of the two overlapping fragments amplified from each gene were assembled 

manually according to paired alignments made with ClustalW2 and the resulting partial 

coding sequences of the genes ldhA, hbd, and hydA, ranging from 683 to 862 bp, were 

registered in GenBank under the accession codes GQ180218, GQ180216, and GQ180214, 

respectively (Fig. 9). Potential insertion sites for the Ll.LtrB intron were searched in every 

partial coding sequence using the “TargeTron® Design Site” online (Sigma-Aldrich Chemie 

GmbH, Steinheim). This way, the two best potential insertion sites for every gene were 

selected according to E-value and position: ldhA-423s and ldhA-508s for the ldhA gene, hydA-

420s and hydA-757s for the hydA gene, and hbd-192s and hbd-414s for the hbd gene of 

Clostridium sp. IBUN 158B (e.g., ldhA-423s means the nucleotide 423 on the sense strand of 

the ldhA gene).  

 

3.2.2. Construction of targeted ClosTron plasmids and conjugation in Clostridium sp. 

IBUN 158B 

Once the best potential integration sites were selected for every gene, the specific primers 

IBS, EBS1d, and EBS2 were automatically returned for each integration site by the 

“TargeTron® Design Site” software (Table 5). Primers were ordered and used together with 

the EBS Universal primer for assembling specific four-primer mixtures. Separate SOE-PCRs 

were then performed with each four-primer mixture according to the original protocol of the 

ClosTron mutagenesis system (Heap et al. 2007), in order to obtain the specific 350-bp 

fragments that were later used for retargeting the ClosTron vectors to each selected 

integration site. The purified SOE-PCR products were digested with BsrGI and HindIII, while 

the ClosTron vectors pMTL007 and pMTL007C-E2 were digested with the same enzymes 

and dephosphorylated. After purification, each retargeted fragment was ligated with each 

ClosTron vector and transformed into E. coli XL1-Blue MRF' or E. coli DH5α. 

Transformants were isolated from LB plates supplemented with chloramphenicol and 

inoculated in LB medium with the same antibiotic. ClosTron plasmids were isolated from the 

latter cultures, and their structure was verified by analytical restriction enzyme digestion with 

BsrGI and HindIII, while the retargeted recognition site of every plasmid was verified by 

sequencing with the primer pMTL007-R1. This way, twelve retargeted ClosTron plasmids 

were obtained for the six selected integration sites based on the two different ClosTron 

vectors used (Table 5). 
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Table 5: Retargeted ClosTron plasmids.   

Integration site 
Specific primers for 

SOE-PCR 
ClosTron vector Resulting plasmid 

ldhA-423s 

IBS-ldhA-423s, 

EBS1d-ldhA-423s, 

EBS2-ldhA-423s 

pMTL007 pMTL007::Cib-ldhA-423s 

pMTL007C-E2 pMTL007C-E2::Cib-ldhA-423s 

ldhA-508s 

IBS-ldhA-508s, 

EBS1d-ldhA-508s, 

EBS2-ldhA-508s 

pMTL007 pMTL007::Cib-ldhA-508s 

pMTL007C-E2 pMTL007C-E2::Cib-ldhA-508s 

hydA-420s 

IBS-hydA-420s, 

EBS1d-hydA-420s, 

EBS2-hydA-420s 

pMTL007 pMTL007::Cib-hydA-420s 

pMTL007C-E2 pMTL007C-E2::Cib-hydA-420s 

hydA-757s 

IBS-hydA-757s, 

EBS1d-hydA-757s, 

EBS2-hydA-757s 

pMTL007 pMTL007::Cib-hydA-757s 

pMTL007C-E2 pMTL007C-E2::Cib-hydA-757s 

hbd-192s 

IBS-hbd-192s, 

EBS1d-hbd-192s, 

EBS2-hbd-192s 

pMTL007 pMTL007::Cib-hbd-192s 

pMTL007C-E2 pMTL007C-E2::Cib-hbd-192s 

hbd-414s 

IBS-hbd-414s, 

EBS1d-hbd-414s, 

EBS2-hbd-414s 

pMTL007 pMTL007::Cib-hbd-414s 

pMTL007C-E2 pMTL007C-E2::Cib-hbd-414s 

 

The twelve ClosTron plasmids were electroporated into the conjugative strain E. coli CA434 

and resulting strains were isolated on LB plates supplemented with chloramphenicol. The 

conjugation protocol for C. butyricum (Cai et al. 2011) was then performed with Clostridium 

sp. IBUN 158B WT and the E. coli CA434 strains carrying the ClosTron plasmids. After 

double selection on TSA plates supplemented with colistin and thiamphenicol, 

transconjugants were isolated by successive incubation in 1.0 ml and 5.0 ml TSB medium 

supplemented with the same antibiotics. Genomic DNA was isolated from the latter cultures 

and purified for PCR analysis.  

The identity of the strains was confirmed by amplification of specific chromosomal fragments 

of Clostridium sp. IBUN 158B, such as the dhaT gene or the dhaA-dhaB1 intergenic region, 

using ReproFast DNA polymerase and the primer pairs PATB / I1 or dhaA-3'-F1 / dhaB1-5'-

R1. The PCRs, performed with an annealing temperature of 50-60 °C and an extension time 

of 90 s, should render DNA fragments of 920 and 458 bp, respectively (Fig. 10, results for 

Clostridium sp. IBUN 158B conjugated with the plasmids pMTL007C-E2::Cib-hbd-414s, 

pMTL007::Cib-hydA-420s or pMTL007C-E2::Cib-ldhA-508s). On the other side, the 

presence of the ClosTron plasmids was confirmed by amplification of the ltrA gene, using 

ReproFast DNA polymerase and the primer pair ltrA-F / ltrA-R. The PCR, performed with an 
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annealing temperature of 50 °C and an extension time of 60 s, should render a fragment of 

573 bp (Fig. 10, results for plasmids pMTL007C-E2::Cib-hbd-414s, pMTL007::Cib-hydA-

420s and pMTL007C-E2::Cib-ldhA-508s). This way, the ClosTron plasmids pMTL007::Cib-

ldhA-423s, pMTL007C-E2::Cib-ldhA-508s, pMTL007::Cib-hydA-420s, pMTL007::Cib-

hydA-757s, pMTL007::Cib-hbd-192s, pMTL007C-E2::Cib-hbd-192s, pMTL007::Cib-hbd-

414s, and pMTL007C-E2::Cib-hbd-414s were successfully conjugated in Clostridium sp. 

IBUN 158B. The resulting transconjugant strains were conserved as spore preparations for 

later selection of specific integrants. 

 

 

Fig. 10:  PCR products for the dhaA-dhaB1 intergenic region or the dhaT and ltrA genes of 

Clostridium sp. IBUN 158B strains carrying the ClosTron plasmids a) pMTL007C-

E2::Cib-hbd-414, b) pMTL007::Cib-hydA-420s, or c) pMTL007C-E2::Cib-ldhA-508s in 

0.8 % agarose gels. M, Generuler™ DNA Ladder Mix (Fermentas); -, negative control 

(water); +, positive control (genomic DNA of IBUN 158B WT, pMTL007C-E2, or 

pMTL007); 1 and 2, genomic DNA of clones number 1 and 2.  
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3.2.3. Isolation and identification of targeted mutants 

New cultures of the Clostridium sp. IBUN 158B transconjugant strains were inoculated in 

5.0 ml TSB medium supplemented with colistin and thiamphenicol and incubated overnight, 

in order to select integrants according to the original protocol of the ClosTron mutagenesis 

system (Heap et al. 2007). For transconjugants carrying pMTL007-based plasmids, expression 

of the Ll.LtrB intron was induced with 1.0 mM IPTG. Integrants were selected on TSA plates 

supplemented with erythromycin, and the resulting clones were isolated by successively 

inoculating in 1.0 ml and 5.0 ml TSB medium with the same antibiotic. After genomic DNA 

isolation and purification, the identity of the clones was confirmed by means of PCRs for 

amplification of the dhaT gene or the dhaA-dhaB1 intergenic region of Clostridium sp. IBUN 

158B as described above (see section 3.2.2.). In some cases, a 761-bp fragment of the 16S 

rRNA gene was also amplified with ReproFast DNA polymerase and the primer pair E321-F / 

E1063-R (Brändel 2012), purified and sequenced, in order to corroborate the identity of the 

isolates by means of BLAST comparison to the GenBank database. 

Genomic integration of the Ll.LtrB intron was confirmed by amplification of the ermB 

resistance gene using DF Taq polymerase and the primer pair ErmRAM-F / ErmRAM-R with 

an annealing temperature of 55 °C and an extension time of 90 s (Fig. 11). During integration, 

the td intron included in the ermB gene of the ClosTron plasmids is spliced out, leading to an 

active resistance gene that allows integrant selection with erythromycin. Therefore, an 

integrated ermB gene is recognized by the amplification of an 872-bp fragment, instead of the 

1,265-bp fragment that is obtained when the ermB gene is amplified from a ClosTron 

plasmid. Genomic integration was found after selection of integrants from Clostridium sp. 

IBUN 158B strains carrying the plasmids pMTL007C-E2::Cib-ldhA-508s, pMTL007::Cib-

hydA-420s, pMTL007::Cib-hbd-192s, pMTL007C-E2::Cib-hbd-192s, and pMTL007C-

E2::Cib-hbd-414s. 

Nevertheless, integration of the Ll.LtrB intron from targeted ClosTron plasmids is frequently 

unspecific. Integration events at the targeted chromosomal sites were identified by means of 

PCRs with primers designed up- and downstream of each site, using ReproFast DNA 

polymerase and the FailSafe PCR 2X PreMix E. The primer pairs LdhA-508s-F1 / LdhA-

508s-R1, HydA-420s-F1 / HydA-420s-R1, Hbd-192s-F1 / Hbd-192s-R1, and Hbd-414s-F1 / 

Hbd-414s-R1 were used to control integration at the sites ldhA-508s, hydA-420s, hbd-192s, 

and hbd-414s, respectively. The PCRs were performed with an annealing temperature of 50-

52 °C and an extension time of 150-180 s. In case of a specific integration, the amplified 
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fragment should be 1,781 bp longer than the corresponding fragment amplified from DNA of 

Clostridium sp. IBUN 158B WT (313-365 bp according to the analyzed site). Most of the 

tested clones corresponded to unspecific integrants carrying the Ll.LtrB intron at some 

unknown genomic position, but targeted mutants were found for the sites ldhA-508s, hydA-

420s, and hbd-414s (e.g. clone 2 for the integration site hydA-420s or clone 5 for the 

integration site hbd-414s on Fig. 11). The mutants Clostridium sp. IBUN 158B ldhA-

508s::Ll.LtrB, IBUN 158B hydA-420s::Ll.LtrB, and IBUN 158B hbd-414s::Ll.LtrB were 

stored as spore preparations in the strain collection of the laboratory, while their viability was 

proved by incubating overnight in 5 ml TSB medium with erythromycin after heat shock. 

 

 

Fig. 11:  PCR products for the ermB gene and the integration sites of the Clostridium sp. IBUN 

158B mutants a) hydA-420s::Ll.LtrB, and b) hbd-414s::Ll.LtrB in 0.8 % agarose gels. 

M, Generuler™ DNA Ladder Mix (Fermentas); -, negative control (water); +, positive 

control (pMTL007, pMTL007C-E2, or genomic DNA of IBUN 158B WT); 1-5, genomic 

DNA of clones number 1-5. 
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3.2.4. Conjugation of the overexpression plasmid in mutants of Clostridium sp. 

IBUN 158B 

After targeted inactivation mutants of Clostridium sp. IBUN 158B were produced, the last 

genetic engineering step of this work was to conjugate the overexpression plasmid 

pMTL007C-E2_13PD-13A, containing the 1,3-PD locus of Clostridium sp. IBUN 13A, into 

the mutants. However, the mutant Clostridium sp. IBUN 158B hbd-414s::Ll.LtrB was 

obtained only some weeks before ending the practical period of this doctoral thesis and 

therefore, overexpression of the 1,3-PD locus in this mutant was undertaken in a related 

Diploma thesis (Flüchter 2012). In this work, the overexpression plasmid was conjugated 

from the conjugative strain E. coli CA434 [pMTL007C-E2_13PD-13A] into the mutants 

Clostridium sp. IBUN 158B ldhA-508s::Ll.LtrB and IBUN 158B hydA-420s::Ll.LtrB, using 

the conjugation protocol for C. butyricum (Cai et al. 2011). Transconjugant clones of every 

mutant were isolated on TSA plates supplemented with colistin, thiamphenicol, and 

erythromycin. Clones were successively incubated in 1.0 ml and 5.0 ml TSB medium 

supplemented with the same antibiotics, and genomic DNA was isolated from the latter 

cultures for PCR analyses.  

In order to ascertain the identity of the hydA-mutant clones, a PCR for verification of 

chromosomal integration at the site hydA-420s was performed with the corresponding DNA 

samples and the primer pair HydA-420s-F1 / HydA-420s-R1 as explained above (see section 

3.2.3.), rendering a 2,127-bp fragment for the targeted mutant (Fig. 12). Identity of the ldhA-

mutant clones was confirmed by amplification of a hybrid 1,272-bp fragment consisting of 

part of the integrated ermB gene and part of the ldhA gene. The PCR was performed with 

ReproFast DNA polymerase and the primer pair ErmRAM-R / LdhA-508s-R1, using an 

annealing temperature of 50 °C and an extension time of 180 s (Fig. 12). On the other hand, 

the presence of the overexpression plasmid was controlled by amplification of a 1,299-bp 

hybrid region containing part of the cloned dhaT gene and part of the vector backbone, using 

ReproFast DNA polymerase and the primer pair PATB / PMTL007C-E2-R1. For the latter 

PCR, an annealing temperature of 54 °C and an extension time of 90 s were used (Fig. 12). At 

least three positive clones were found for each of the strains Clostridium sp. IBUN 158B 

hydA-420s::Ll.LtrB [pMTL007C-E2_13PD-13A] and Clostridium sp. IBUN 158B ldhA-

508s::Ll.LtrB [pMTL007C-E2_13PD-13A]. The strains were stored as spore preparations in 

the strain collection of the laboratory for later characterization.  
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Fig. 12: PCR products for the integration sites and a hybrid plasmid region of the Clostridium 

sp. IBUN 158B strains a) hydA-420s::Ll.LtrB [pMTL007C-E2_13PD-13A], and b) 

ldhA-508s::Ll.LtrB [pMTL007C-E2_13PD-13A] in 0.8 % agarose gels. “hydA-420s-

PCR” denotes a PCR amplifying the whole integration site of the hydA mutant, while “ldhA-

508s-PCR” is a PCR amplifying part of the integrated ermB gene and part of the ldhA gene 

of the second mutant. “1,3-PD plasmid-PCR” denotes a PCR amplifying a hybrid region 

containing part of the cloned dhaT gene and part of the backbone of the overexpression 

plasmid. M, Generuler™ DNA Ladder Mix (Fermentas); -, negative control (water); +, 

positive control (genomic DNA of the original mutants or pMTL007C-E2_13PD-13A); 1-5, 

genomic DNA of clones number 1-5. 

 

As controls for the influence of the overexpression plasmid and of the corresponding vector 

on the metabolism of Clostridium sp. IBUN 158B, the plasmids pMTL007C-E2_13PD-13A 

and pMTL007C-E2 were also conjugated into the strain Clostridium sp. IBUN 158B WT 

from the available E. coli CA434 strains (see section 3.1.3.), using the protocol for 
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C. butyricum. Transconjugants were isolated on TSA plates supplemented with colistin and 

thiamphenicol and then successively incubated in 1.0 ml and 5.0 ml TSB medium containing 

the same antibiotics. Genomic DNA was isolated from the latter cultures and purified for PCR 

analyses. Identity of all clones was verified by amplification of the intergenic region dhaA-

dhaB1 of Clostridium sp. IBUN 158B, as explained in section 3.2.2. 

For clones conjugated with pMTL007C-E2_13PD-13A, presence of the overexpression 

plasmid was confirmed by amplification of a hybrid region containing part of the cloned dhaT 

gene and part of the vector backbone, as explained above. For clones conjugated with 

pMTL007C-E2, presence of the vector was verified by amplification of the ltrA gene, as 

explained in section 3.2.2. This way, at least one transconjugant clone containing each 

plasmid was found. Positive clones of the strains Clostridium sp. IBUN 158B [pMTL007C-

E2_13PD-13A] and IBUN 158B [pMTL007C-E2] were stored as spore preparations for 

further analysis of production profiles.  

 

3.3. Characterization of the modified strains based on Clostridium sp. 

IBUN 158B 

For fermentation analysis of the modified clostridial strains obtained in this work, the glycerol 

medium formerly optimized in Colombia for 1,3-PD production with the strain Clostridium 

sp. IBUN 158B WT (Pérez 2009) was used, after it was proved that it promotes better growth 

than modified media based on CGM or RCM with glycerol as the only carbon source. 

Nevertheless, substrate concentration in the glycerol medium was reduced to 217 mM, 

because the high original concentration (543 mM) is not completely used by the Colombian 

strain in batch fermentations without pH control and caused problems during chromatographic 

determination of production profiles.  

Fermentation conditions were analyzed in a preliminary growth experiment (Frank, 

unpublished), in which the production profile of Clostridium sp. IBUN 158B WT on glycerol 

medium was analyzed in duplicate. In that experiment, 43 mM glycerol were consumed on 

average, and the strain exhibited a duplication time of 2.08 h during the exponential phase, 

reaching a maximal O.D.600 of 1.47 after 96 h growth. Due to the amount of samples to 

analyze (for eight time points of the fermentation), substrate and product concentrations were 

measured by gas chromatography, except for lactate, which was measured by means of a 

commercial enzyme test. However, enzyme tests are disadvantageous for massive analysis 
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because of their high costs and time-consuming procedures. In addition, a fermentation 

volume of 1 l was necessary to allow extraction of the sample volumes required for enzyme 

tests, which can be drastically reduced when using only chromatographic analysis methods.  

Besides 1,3-PD, byproducts such as ethanol, acetate, acetone, butyrate, and lactate were 

found. All products reached maximal concentrations between 0.55 and 25 mM, leading to an 

average carbon recovery of 91.6 % without considering the produced CO2 (as it cannot be 

determined under the available laboratory conditions). In order to explain such a high carbon 

recovery value, fermentations of Clostridium sp. IBUN 158B in a similar medium without 

glycerol were performed. This way, it was found that the yeast extract present in the medium 

as partial nitrogen source can also be used as a carbon source for the production of acetate and 

butyrate. Yeast extract was required for growth of Clostridium sp. IBUN 158B in 

fermentation volumes larger than 50 ml, but it does not influence 1,3-PD production from 

glycerol. Therefore, the original composition of the glycerol medium was preserved for the 

final experiments.  

Once the experimental conditions were established, analyses of substrate utilization and 

production profiles were performed simultaneously with the strains Clostridium sp. IBUN 

158B WT, Clostridium sp. IBUN 158B [pMTL007C-E2], Clostridium sp. IBUN 158B 

[pMTL007C-E2_13PD-13A], Clostridium sp. IBUN 158B hydA-420s::Ll.LtrB, Clostridium 

sp. IBUN 158B ldhA-508s::Ll.LtrB, Clostridium sp. IBUN 158B hydA-420s::Ll.LtrB 

[pMTL007C-E2_13PD-13A], and Clostridium sp. IBUN 158B ldhA-508s::Ll.LtrB 

[pMTL007C-E2_13PD-13A]. After viability of the spore preparations was proved for all 

strains, spores were treated with heat shock and used to inoculate Hungate tubes with 5.0 ml 

2x TGY medium (with glucose as substrate). Each strain was inoculated in triplicate for 

statistic purposes. For all strains carrying the plasmids pMTL007C-E2 or pMTL007C-

E2_13PD-13A, 10 µg/ml thiamphenicol were added, while 2.5 µg/ml erythromycin were 

added to the cultures of all mutants. The 2x TGY medium induces abundant growth of the 

Clostridium sp. IBUN 158B strains without promoting cell agglomerations, which also 

allowed microscopic observation of some strains after overnight incubation at 37 ºC (Fig. 13). 

No major differences were observed in the morphology of the Clostridium sp. IBUN 158B 

mutants regarding the WT strain. Before inoculating large volumes of glycerol medium, the 

strains were adapted to the new substrate by inoculating into 5.0 ml glycerol medium and 

incubating overnight at 37 ºC. 
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Fig. 13: Microscopic pictures of the Clostridium sp. IBUN 158B strains a) WT, b) hydA-

420s::Ll.LtrB, and c) ldhA-508s::Ll.LtrB. Pictures of fresh overnight cultures were made 

with a light microscope and a 100x objective. Picture scale:  , 5 µm. 

 

The complete volume of every preculture was used to inoculate flasks with 75.0 ml glycerol 

medium, leading to a starting fermentation volume of 80.0 ml per culture. Antibiotics were 

added as explained above and the flasks were incubated at 37 °C without agitation. Samples 

from the cultures of all WT strains were taken after 0, 4, 8, 25, and 72 h incubation, while 

sampling from the cultures of all mutants was performed after 0, 8, 25, 72, and 120 h 

incubation (only four 2.0-ml samples could be removed from a growing culture in order to 

preserve more than 90 % of the original culture volume during the course of the 

fermentation). Growth of the different cultures was followed by determination of the optical 

density (Fig. 14). For analyses of substrate utilization and production profiles, the culture 

samples were first centrifuged, and supernatants were filter-sterilized into 2.0-ml microtubes. 

All mutant strains grew remarkably slower than the WT strains and thus, they needed more 

than 72 h for onset of the stationary phase. A notorious lag phase of 8 h was observed for 

Clostridium sp. IBUN 158B hydA-420s::Ll.LtrB, the strain with the lowest final O.D.600 value 

comparing all analyzed strains. On the other hand, the strains Clostridium sp. IBUN 158B 

[pMTL007C-E2_13PD-13A] and IBUN 158B hydA-420s::Ll.LtrB [pMTL007C-E2_13PD-

13A] reached a maximal O.D.600 2.2 to 2.7 times higher than their counterparts without 

overexpression plasmid (Table 6). The mutant Clostridium sp. IBUN 158B ldhA-

508s::Ll.LtrB reached a maximal O.D.600 1.7 times higher than the WT strain (Table 6). 

Doubling time of all modified strains was longer than for the WT strain, whereupon mutations 

had a remarkably stronger negative effect on doubling time than the presence of plasmids.  
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Fig. 14: Growth of the seven analyzed Clostridium sp. IBUN 158B strains on glycerol medium. 

Each point is the average of three independent experiments performed simultaneously under 

the same conditions (except for strain Clostridium sp. IBUN 158B [pMTL007C-E2]). 

Symbols: , Clostridium sp. IBUN 158B WT; , Clostridium sp. IBUN 158B 

[pMTL007C-E2]; , Clostridium sp. IBUN 158B [pMTL007C-E2_13PD-13A]; , 

Clostridium sp. IBUN 158B hydA-420s::Ll.LtrB; , Clostridium sp. IBUN 158B ldhA-

508s::Ll.LtrB; , Clostridium sp. IBUN 158B hydA-420s::Ll.LtrB [pMTL007C-

E2_13PD-13A]; , Clostridium sp. IBUN 158B ldhA-508s::Ll.LtrB [pMTL007C-

E2_13PD-13A]. Bars indicate the corresponding standard deviations. 

 

Chromatographic analyses were executed in a "1200 Infinity Series LC” high performance 

liquid chromatography device (Agilent Technologies Deutschland GmbH, Böblingen), which 

allows determination of substrate and all expected products simultaneously, with low time and 

volume requirements (only 1 ml of diluted sample is required for one chromatography run). 

Lactate, acetate, and butyrate were distinctively recognized with the diode array detector, 

while glycerol, 1,3-PD, ethanol, and acetone were measured with the refraction index detector 

(see complete data sets in section 8.). Acetone was not found in any of the analyzed samples 

(Figs. 15-21). All strains grew up to an O.D.600 value of app. 0.1, before glycerol consumption 

and product formation started, reaching maximal product concentrations during the onset of 

the stationary phase. Thus, product yield was calculated using the measured concentrations at 

the time of maximal growth for each strain (Tables 7 and 8). 
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Table 6: Doubling time and maximal growth values of the seven analyzed Clostridium sp. IBUN 

158B strains. Calculations are based on the growth curves of Fig. 14.  

Strain Doubling time (h) 
Time of maximal growth 

(h) 
Maximal O.D.600 

WT 1.20 25 1.02 

WT [pMTL007C-E2] 1.67 72 1.19 

WT [1,3-PD plasmid]* 1.85 72** 2.20** 

hydA-420s::Ll.LtrB 3.54 72 0.55 

ldhA-508s::Ll.LtrB 5.28 72 1.73 

hydA-420s::Ll.LtrB 

[1,3-PD plasmid] 
5.43 72 1.47 

ldhA-508s::Ll.LtrB 

[1,3-PD plasmid] 
5.20 120 1.08 

* 1,3-PD plasmid: overexpression plasmid pMTL007C-E2_13PD-13A. 

** Even when this strain reached a slightly higher cell density after 25 h growth, its glycerol metabolism was 

notoriously active until 72 h (Fig. 17). 

 

 

 

Fig. 15: Production profile for one culture of Clostridium sp. IBUN 158B WT. Symbols: , 

O.D.600; , glycerol; , 1,3-PD; , ethanol; , lactate; , acetate; 

, butyrate.   
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Fig. 16: Production profile for one culture of Clostridium sp. IBUN 158B [pMTL007C-E2]. 

Symbols: , O.D.600; , glycerol; , 1,3-PD; , ethanol; , lactate; 

, acetate; , butyrate.   

 

 

Fig. 17: Production profile for one culture of Clostridium sp. IBUN 158B [pMTL007C-

E2_13PD-13A]. Symbols: , O.D.600; , glycerol; , 1,3-PD; , ethanol; 

, lactate; , acetate; , butyrate.   
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Fig. 18: Production profile for one culture of Clostridium sp. IBUN 158B hydA-420s::Ll.LtrB. 

Symbols: , O.D.600; , glycerol; , 1,3-PD; , ethanol; , lactate; 

, acetate; , butyrate.   

 

 

Fig. 19: Production profile for one culture of Clostridium sp. IBUN 158B ldhA-508s::Ll.LtrB. 

Symbols: , O.D.600; , glycerol; , 1,3-PD; , ethanol; , lactate; 

, acetate; , butyrate.   
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Fig. 20: Production profile for one culture of Clostridium sp. IBUN 158B hydA-420s::Ll.LtrB 

[pMTL007C-E2_13PD-13A]. Symbols: , O.D.600; , glycerol; , 1,3-PD; 

, ethanol; , lactate; , acetate; , butyrate.   

 

 

Fig. 21: Production profile for one culture of Clostridium sp. IBUN 158B ldhA-508s::Ll.LtrB 

[pMTL007C-E2_13PD-13A]. Symbols: , O.D.600; , glycerol; , 1,3-PD; 

, ethanol; , lactate; , acetate; , butyrate.   
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Glycerol consumption was found to be between 35.0 and 103.0 mM for all analyzed strains, 

whereupon it was notoriously higher for the ldhA integration mutant and for all strains 

carrying the overexpression plasmid than for the WT strain (Table 7). The strain carrying the 

empty vector pMTL007C-E2 also exhibited a slightly higher glycerol consumption and 1,3-

PD production than the WT strain. Butyrate, acetate, and lactate were variably found as main 

byproducts, with concentrations oscillating between 0.1 and 15.0 mM. In general, higher 

glycerol consumption in the modified strains was always associated with higher acetate and 

butyrate production and lower lactate concentrations compared to the WT strain.  

Even when low ethanol concentrations were measured in the culture samples of all mutant 

strains, a net production regarding the concentration of fresh inoculated cultures was only 

found for the hydA integration mutant.  

 

Table 7: Concentrations of consumed glycerol and formed byproducts at the time of maximal 

growth of the seven Clostridium sp. IBUN 158B strains. Shown values were calculated 

from the average results of three independent experiments performed under the same 

conditions for each strain (except for strain Clostridium sp. IBUN 158B [pMTL007C-E2]).  

Strain Glycerol Ethanol Lactate Acetate Butyrate 
Carbon 

recovery  

WT 35.76 mM 
0 mM 

(0)** 

7.92 mM 

(0.22) 

0 mM 

(0) 

4.75 mM 

(0.13) 
93.10 % 

WT 

[pMTL007C-E2] 
54.91 mM 

0 mM 

(0) 

5.98 mM 

(0.11) 

3.43 mM 

(0.06) 

6.37 mM 

(0.12) 
76.67 % 

WT  

[1,3-PD plasmid]* 
102.49 mM 

0 mM 

(0) 

0 mM 

(0) 

3.16 mM 

(0.03) 

14.34 mM 

(0.14) 
77.10 % 

hydA-420s::Ll.LtrB 39.67 mM 
1.83 mM 

(0.05) 

4.68 mM 

(0.12) 

0 mM 

(0) 

3.52 mM 

(0.09) 
73.13 % 

ldhA-508s::Ll.LtrB 96.88 mM 
0 mM 

(0) 

1.82 mM 

(0.02) 

7.01 mM 

(0.07) 

11.11 mM 

(0.11) 
80.02 % 

hydA-420s::Ll.LtrB 

[1,3-PD plasmid] 
75.52 mM 

0 mM 

(0) 

0.11 mM 

(0.001) 

1.98 mM 

(0.03) 

10.88 mM 

(0.14) 
78.10 % 

ldhA-508s::Ll.LtrB 

[1,3-PD plasmid] 
83.75 mM 

0 mM 

(0) 

0.17 mM 

(0.002) 

1.09 mM 

(0.01) 

12.16 mM 

(0.15) 
77.31 % 

* 1,3-PD plasmid: overexpression plasmid pMTL007C-E2_13PD-13A. 

** Values in parentheses are molar yields of the corresponding products regarding consumed glycerol 

(molproduct/molglycerol). 
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On the other hand, the ldhA integration mutant exhibited a notoriously lower lactate 

production than the WT strain, accompanied by a higher production of acetate and butyrate. 

Detection peaks with significant areas suggesting the presence of additional byproducts were 

also found in fermentation samples of the ldhA integration mutant with the diode array 

detector. These peaks can be observed as well with smaller areas in the empty glycerol 

medium, though their identity has not been elucidated so far. Nevertheless, the omission of 

such products could account for the lower carbon recovery values calculated for all modified 

strains compared to the WT strain (Table 7). 

The main fermentation product for all strains was 1,3-PD, with concentrations between 18 and 

58 mM at the corresponding times of maximal growth (Table 8). The highest 1,3-PD 

concentrations were reached by the ldhA integration mutant and by all strains containing the 

overexpression plasmid. However, these strains also consumed more glycerol and therefore, 

increase in 1,3-PD yield was only marginal regarding the WT strain. 1,3-PD productivity of 

Clostridium sp. IBUN 158B [pMTL007C-E2_13PD-13A] and of the ldhA integration mutant 

until the time of maximal growth was only slightly better than that of the WT strain, but 1,3-

PD productivity of Clostridium sp. IBUN 158B [pMTL007C-E2_13PD-13A] during the 

exponential growth phase (corresponding to the first 25 h of cultivation) was notoriously 

higher than for the WT strain, reaching a value of 1.71 mM/h (Fig. 17).  

 

Table 8: 1,3-PD values at the time of maximal growth of the seven analyzed Clostridium sp. 

IBUN 158B strains. Shown values were calculated with the average results of three 

independent experiments performed under the same conditions for each strain (except for 

strain Clostridium sp. IBUN 158B [pMTL007C-E2]).  

Strain 
1,3-PD concentration 

(mM) 

1,3-PD yield     

(mol1,3-PD/molglycerol) 

1,3-PD productivity 

(mM/h) 

WT 19.04 0.53 0.76 

WT [pMTL007C-E2] 25.34 0.46 0.35 

WT [1,3-PD plasmid]* 57.79 0.56 0.80 

hydA-420s::Ll.LtrB 18.42 0.46 0.26 

ldhA-508s::Ll.LtrB 56.21 0.58 0.78 

hydA-420s::Ll.LtrB 

[1,3-PD plasmid] 
43.05 0.57 0.60 

ldhA-508s::Ll.LtrB 

[1,3-PD plasmid] 
47.63 0.57 0.40 

   * 1,3-PD plasmid: overexpression plasmid pMTL007C-E2_13PD-13A. 
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Interestingly, Figs. 16, 17 and 21 show that 1,3-PD could have been further produced by the 

strains Clostridium sp. IBUN 158B [pMTL007C-E2], IBUN 158B [pMTL007C-E2_13PD-

13A], and IBUN 158B ldhA-508s::Ll.LtrB [pMTL007C-E2_13PD-13A] after the last 

measured time point. In the case of Clostridium sp. IBUN 158B [pMTL007C-E2] and IBUN 

158B ldhA-508s::Ll.LtrB [pMTL007C-E2_13PD-13A], this fact is associated with a slower 

onset of the stationary growth phase, which was not completely covered by the measured time 

points. Yet, Clostridium sp. IBUN 158B [pMTL007C-E2_13PD-13A] reached the maximal 

cell density after 25 h growth, so it is the only strain were 1,3-PD production was further 

performed independently of cell growth.   

 

  



79 

4. Discussion 

In the present work, the Colombian strain Clostridium sp. IBUN 158B was modified by 

means of genetic engineering strategies, in order to improve its 1,3-PD production from pure 

glycerol. The resulting modified strains could be used in the long term for industrial 

production of 1,3-PD from raw glycerol generated in biodiesel industries. Only an improved 

productive metabolism could help achieving a low selling price for 1,3-PD produced with 

Clostridium sp. IBUN 158B, so that it becomes competitive in an international market. Thus, 

the modified strains should be able to use glycerol more efficiently as substrate for 1,3-PD 

production and generate a lower relative amount of byproducts than the strain Clostridium sp. 

IBUN 158B WT. One advantage of the genetic engineering strategies applied in this work is 

that they were entirely based on genes of the Colombian strains Clostridium sp. IBUN 158B 

and Clostridium sp. IBUN 13A, which have been classified as a new species of the genus 

Clostridium, adding to the novelty of the resulting modified strains for industrial applications.  

The genetic engineering strategies applied can be divided in inactivation of dispensable genes 

from the glycerol oxidative pathway of Clostridium sp. IBUN 158B and heterologous 

overexpression of the genes involved in the glycerol reductive pathway of Clostridium sp. 

IBUN 13A. Establishment of a suitable plasmid conjugation method for the strain Clostridium 

sp. IBUN 158B was a crucial requisite before any genetic engineering strategy could be 

implemented. However, subsequent inactivation of genes from the glycerol oxidative pathway 

was based on the already established ClosTron mutagenesis system and therefore, only 

marginal adaptation to the strain Clostridium sp. IBUN 158B was required. In contrast, a 

strategy for overexpression of the glycerol reductive pathway from Clostridium sp. IBUN 

13A could only be designed after the transcriptional elements present in the corresponding 

genomic region (1,3-PD locus) were characterized, since such region was not completely 

known at the beginning of this work.  

 

4.1. The 1,3-PD locus of Clostridium sp. IBUN 13A: a transcriptional 

organization that suggests a combined evolutionary origin  

Sequencing of the genomic region involved in glycerol reductive metabolism of Clostridium 

sp. IBUN 13A was based on the corresponding genomic region of C. butyricum VPI 1718 

(Raynaud et al. 2003), considering the already known similarity to this species regarding 

substrate consumption profile, chromosomal macrorestriction patterns, and 16S rRNA gene 
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sequence (Montoya et al. 2001). In a previous work, the sequence of the contiguous genes 

dhaB1, dhaB2, and dhaT from the genome of Clostridium sp. IBUN 13A was elucidated and 

RBSs for each gene were predicted (Montoya 2008), leading to recognition of this genomic 

region as a 1,3-PD locus (Fig. 5). Given the fact that the three genes are located in the same 

orientation and very close to each other on the genome of Clostridium sp. IBUN 13A, 

transcriptional elements were sought initially in the intergenic regions positioned upstream of 

dhaB1 and downstream of dhaT. 

Identification of transcriptional elements in the intergenic regions dhaA-dhaB1 and dhaT-

ahpC of Clostridium sp. IBUN 13A was performed by means of primer extension 

experiments and computational sequence analysis. Primer extension experiments allowed 

finding a transcriptional start point 37 bp upstream of dhaB1 accompanied by a conserved 

promoter sequence 56 bp upstream of dhaB1, which was initially thought to control 

expression of the three genes dhaB1, dhaB2, and dhaT (Table 9). The deduced promoter is 

surrounded by other typical promoter-associated elements, such as three A-tracts located 12 

bp upstream, which could induce a DNA curvature that stimulates the interaction between the 

RNA polymerase and the promoter (Kaji et al. 2003). Additionally, a similar promoter 

sequence can be found in the intergenic region directly upstream of the ahpC gene of 

Clostridium sp. IBUN 13A (Table 9), supporting the theory that such sequences are 

recognized as promoters by this strain. Nonetheless, a possible transcriptional start point was 

also found 137 bp upstream of dhaB1 with the primer dhaB1-5'-R1, accompanied by a well-

conserved promoter sequence 144 bp upstream of dhaB1 (Table 9) and thus, there might be 

two promoters upstream of dhaB1 in the 1,3-PD locus. On the other hand, sequence analysis 

led to prediction of a rho-independent terminator followed by four contiguous Ts directly 

downstream of the dhaT gene of Clostridium sp. IBUN 13A, which could act as 

transcriptional terminator for the three aforementioned genes.  

 

Table 9: Predicted promoters for genes around the 1,3-PD locus of Clostridium sp. IBUN 13A. 

Genes covered Promoter sequence 
Distance to the nearest start 

codon (downstream) 

dhaS-dhaA TTCATA(15 bp)TAAAAT 48 bp 

dhaB1-dhaB2 (-dhaT?) TTCAGA(18 bp)TATTAT 144 bp 

dhaB1-dhaB2 (-dhaT?) TTAAGC(17 bp)TATTAT 56 bp 

dhaT TTTACA(20 bp)TTTAAA 21 bp 

ahpC TTGACA(17 bp)TATTAT 61 bp 
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In the first instance, localization of such transcriptional elements would suggest organization 

of the genes involved in the glycerol reductive pathway of Clostridium sp. IBUN 13A in an 

operon structure, similar to the 1,3-PD operon reported previously for C. butyricum (Raynaud 

et al. 2003). Sequencing of the 1,3-PD locus of Clostridium sp. IBUN 13A was 

complemented by further sequencing efforts in Colombia, such as sequencing of the two-

component system dhaS-dhaA, located directly upstream and believed to regulate expression 

of the whole 1,3-PD locus, and sequencing of the transcriptional regulator gene dhaY, 

presumed to regulate both oxidative and reductive glycerol pathways (Barragán 2011). A 

promoter with similar sequence to the deduced promoters of the 1,3-PD locus was predicted 

48 bp upstream of the dhaS gene, which is thought to control expression of the putative dhaS-

dhaA operon, though the distance between the predicted -35 and -10 boxes is below the lower 

limit for conserved bacterial promoters (Table 9). On the basis of the accumulated 

information, it was proposed to create an overexpression plasmid for the 1,3-PD locus of 

Clostridium sp. IBUN 13A by cloning the promoterless genomic region (from the RBS of the 

dhaB1 gene to the rho-independent terminator downstream of dhaT) under the control of a 

constitutive promoter. This way, presumed regulation of gene expression by the dhaS-dhaA 

two-component system should be overcome. 

The sequences of the 1,3-PD locus and of the dhaS-dhaA two-component system of 

Clostridium sp. IBUN 13A are 98.7 % similar to the corresponding genomic regions of 

C. butyricum, including the order and orientation of the contained genes. However, relevant 

differences were found between C. butyricum and Clostridium sp. IBUN 13A in an earlier 

multivariate analysis that included data from seven molecular and biochemical techniques 

(Suárez 2004; Jaimes et al. 2006). Hierarchical clustering of these results showed that the 

Colombian strains Clostridium sp. IBUN 13A and Clostridium sp. IBUN 158B cluster 

together with the strains Clostridium sp. IBUN 137K, Clostridium sp. IBUN 64A, 

Clostridium sp. IBUN 125C, Clostridium sp. IBUN 62B, Clostridium sp. IBUN 18Q, 

Clostridium sp. IBUN 18A, Clostridium sp. IBUN 95B, and Clostridium sp. IBUN 18S in a 

separate node at the species level (Fig. 22). Therefore, the ten aforementioned strains were 

classified as a new species of the genus Clostridium, in contrast to the strains Clostridium sp. 

IBUN 22A and Clostridium sp. IBUN 140B, which cluster together with C. butyricum 

DSM 2478 and were thus renamed as C. butyricum IBUN 22A and C. butyricum IBUN 148B 

(Fig. 22). Though the proposed taxonomic classification is not yet official, only a thorough 

analysis of membrane fatty acid composition would still be necessary to validate such results.  
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Fig. 22: Hierarchical clustering tree of twelve Colombian clostridial strains (IBUN) compared 

to other known solventogenic clostridia (Suárez 2004). The vertical line corresponds to 

0 % Euclidean distance, indicating that strains clustered together at this point belong to the 

same species. C sac, C. saccharoperbutylacetonicum; C beij, C. beijerinckii; C but, 

C. butyricum; C acet, C. acetobutylicum; orange box, strains classified as C. butyricum; blue 

box, strains classified as a new clostridial species. 

 

Considering the identified differences between C. butyricum and Clostridium sp. IBUN 13A 

regarding polysaccharide hydrolysis, DNA-DNA hybridization, and genomic macrorestriction 

profiles amongst others (Suárez 2004), additional experiments were needed to elucidate the 

distribution of transcriptional units in the 1,3-PD locus of Clostridium sp. IBUN 13A. 

Therefore, characterization of transcriptional units was performed in a parallel work by means 

of Northern blot and RT-PCR (Flüchter 2012). Surprisingly, separate RNA bands were 

detected for the gene pair dhaB1-dhaB2 and for the dhaT gene in Northern blot experiments, 

indicating that the 1,3-PD locus of Clostridium sp. IBUN 13A actually consists of two 
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transcriptional units. These results were confirmed by means of RT-PCR experiments, where 

separated PCR products were obtained from cDNA of the gene pair dhaB1-dhaB2 and of the 

dhaT gene, but no cDNA could be detected for a continuous transcript of the three genes.  

Northern blot and RT-PCR results suggest that the 1,3-PD locus of Clostridium sp. 

IBUN 13A diverges from the 1,3-PD operon of C. butyricum regarding distribution of 

transcriptional units. In addition, a conserved promoter was predicted 21 bp upstream of the 

dhaT gene of Clostridium sp. IBUN 13A (Table 9), supporting the evidence towards 

independent transcription of this gene. Nevertheless, the distance between the -35 and -10 

boxes of the predicted promoter is abnormally long for a Gram-positive promoter (Graves and 

Rabinowitz 1986), impeaching the theory that this sequence is actually recognized as a 

promoter for expression of the dhaT gene in Clostridium sp. IBUN 13A. On the other hand, 

joint transcription of the genes dhaB1, dhaB2, and dhaT of Clostridium sp. IBUN 13A from 

one of the two promoters deduced directly upstream of dhaB1 cannot be completely 

discarded, since no terminator has been found directly downstream of the dhaB2 gene so far. 

Even though Clostridium sp. IBUN 13A and C. butyricum share genetic order in the 1,3-PD 

locus and the peculiarity of producing the coenzyme B12-independent glycerol dehydratase 

DhaB1 (Fig. 23), a different evolutionary history could have led to divergent characteristics in 

the 1,3-PD locus. The most relevant of them are a different distribution of transcriptional 

units, different deduced promoters, and the 25-bp deletion found directly downstream of the 

rho-independent terminator in the 1,3-PD locus of Clostridium sp. IBUN 13A. In addition to 

such differences between Clostridium sp. IBUN 13A and C. butyricum, homologous genes on 

the corresponding genomic region of C. novyi are located in the same orientation, but in the 

reversed order dhaT-dhaB1-dhaB2 (Fig. 23). Genetic variations between these 1,3-PD 

producing clostridia could be explained by acquisition of the gene pair dhaB1-dhaB2 and of 

the dhaT gene through separate horizontal gene transfer events from other bacteria.  

Taxonomic distribution of the gene pair dhaB1-dhaB2 is easily recognizable from that of the 

dhaT gene. Though the sequence of the gene encoding the 1,3-PD dehydrogenase DhaT is 

well conserved in all 1,3-PD producing bacteria (Marçal et al. 2009), genes encoding the S-

adenosylmethionine (SAM)-dependent glycerol dehydratase DhaB1 and its activator DhaB2 

have only been found in C. butyricum, C. novyi, C. diolis, and in the strains Clostridium sp. 

IBUN 13A and IBUN 158B (Montoya 2008). In contrast, the coenzyme B12-dependent 

glycerol dehydratase of 1,3-PD producing enterobacteria and other clostridia is encoded in 

subunits by the genes dhaB, dhaC, and dhaE, while subunits of the corresponding activator 

are encoded by the genes dhaF and dhaG (Fig. 23). The glycerol dehydratase DhaB1 and its 
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activator DhaB2 are similar in structure and mechanism of action to the SAM-dependent 

pyruvate formate lyase (PFL) and its activator, used by some facultative anaerobes for 

anaerobic glucose metabolism (O’Brien et al. 2004). This way, the gene pair dhaB1-dhaB2 

could have evolved from the genes encoding PFL and its activator after horizontal transfer to 

some clostridia.    

Horizontal gene transfer events between soil and rumen bacteria have already been observed, 

e.g. for mercury resistance plasmids from polluted soils (Tóthová et al. 2006). Regarding the 

glycerol reductive metabolism, similar events could have been induced by the availability of 

glycerol as secondary substrate arising from plant lipid degradation (Schauder and Schink 

1989; Jenkins 1993).  

 

 

Fig. 23: Genes involved in the glycerol reductive pathway of different bacterial species 

(Flüchter 2012). dhaR, global regulator genes; dhaB, dhaC and dhaE, genes encoding 

subunits of coenzyme B12-dependent glycerol dehydratases; dhaF and dhaG, genes encoding 

subunits of coenzyme B12-dependent glycerol dehydratase activators; dhaT, 1,3-PD 

dehydrogenase genes; orfW and orfY, unidentified genes; dhaS, histidine kinase genes; dhaA, 

response regulator genes; dhaB1, SAM-dependent glycerol dehydratase genes; dhaB2, SAM-

dependent glycerol dehydratase activator genes.  
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Species such as C. acetobutylicum cannot use glycerol as sole carbon source unless they are 

transformed with genes for glycerol reductive metabolism, e.g. the 1,3-PD operon of C. 

butyricum, so that they can re-oxidize the excess of NADH generated in glycerol oxidative 

metabolism (González-Pajuelo et al. 2005). On the other hand, some Firmicutes (such as 

members of the genus Bacillus) induce competence under limiting growth conditions, which 

in bacterial communities facilitates pathway acquisition by horizontal gene transfer (Ashikaga 

et al. 2000).  

Acquisition and adaptation of PFL and its activator for achieving redox equilibrium during 

glycerol consumption would also be plausible for C. novyi, since its phospholipases set 

glycerol free from lipids contained in biological membranes and cell exudates (Bettegowda et 

al. 2006). In fact, mobile elements are frequent in the genome of C. novyi and recognize 

inverted repeats from 7 to 27 bp downstream of rho-independent terminators as insertion sites, 

independently of their sequence (Lin 2011). The 25-bp deletion found directly downstream of 

the rho-independent terminator in the intergenic region dhaT-ahpC of Clostridium sp. 

IBUN 13A suggests a similar evolutionary integration event at this point, since the deleted 

fragment is surrounded by two 6 bp direct repeats in the genome of C. butyricum. Thus, the 

widely conserved dhaT gene could have been acquired by Clostridium sp. IBUN 13A in a 

separate horizontal transfer event from acquisition of the gene pair dhaB1-dhaB2, which 

seems to have its evolutionary origin in bacterial PFLs (O’Brien et al. 2004). This theory 

would explain finding of two transcriptional units in the 1,3-PD locus of Clostridium sp. 

IBUN 13A in contrast to the 1,3-PD operon of C. butyricum, as well as the inverted order of 

the corresponding genes in C. novyi. However, no notorious differences were found in the 

(G+C)-content or codon adaptation index (CAI) of the genes included in the 1,3-PD locus 

compared to other sequenced genes of Clostridium sp. IBUN 13A, so that additional evidence 

would be necessary to prove the horizontal transfer theory.  

In order to complement genetic characterization of the 1,3-PD locus of Clostridium sp. 

IBUN 13A, the product of the dhaT gene was also characterized in parallel works. Therefore, 

the plasmid pET-28a(+)_dhaT (containing the dhaT gene) was transformed in E. coli 

BL21(DE3), and the produced enzyme was isolated anaerobically with help of a His-Tag 

(Franz 2010). The purified enzyme was characterized regarding optimal pH value, optimal 

temperature, substrate specificity, Michaelis-Menten behavior, and subunit composition 

(Flüchter 2012). The obtained results proved notorious differences regarding quaternary 

structure and activity between the 1,3-PD dehydrogenase of Clostridium sp. IBUN 13A and 

other reported homolog enzymes, such as the 1,3-PD dehydrogenase of K. pneumoniae 
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(Marçal et al. 2009). Overproduction and purification of the enzyme also allowed the 

establishment of a spectrophotometric enzyme assay for 1,3-PD determination, while a 

lyophilization procedure was adapted to extend the half-life time of the active enzyme (Franz 

2010; Flüchter 2012). Nevertheless, composition of the enzyme test and the method for 

generation of a calibration curve still have to be adapted for end point determination of 1,3-

PD concentrations, in order to make the test suitable for routine analysis of fermentation 

samples. 

Full characterization of the 1,3-PD locus of Clostridium sp. IBUN 13A also allowed design 

and construction of a conjugational overexpression plasmid for Clostridium sp. IBUN 158B 

based on the ClosTron vector pMTL007C-E2. After conjugation of Clostridium sp. 

IBUN 158B with the resulting plasmid, the genes dhaB1, dhaB2, and dhaT of Clostridium sp. 

IBUN 13A should be constitutively expressed under the control of the Pfdx promoter of 

C. sporogenes. During cloning, the Ll.LtrB intron and the ltrA gene of pMTL007C-E2 were 

substituted by the 1,3-PD locus of Clostridium sp. IBUN 13A without the deduced promoters 

upstream of dhaB1. Consequently, the resulting conjugational plasmid pMTL007C-E2_13PD-

13A lost the integrative character of the vector, while natural regulation of the cloned genes 

(or at least of the gene pair dhaB1-dhaB2) should be overcome by omission of the promoter 

region proposed to interact with the two-component system dhaS-dhaA (Barragán 2011). 

 

4.2. Genetic inactivation induces significant changes in substrate 

consumption and product formation of Clostridium sp. 

IBUN 158B 

Before attempting overexpression of the 1,3-PD locus of Clostridium IBUN 13A from the 

plasmid pMTL007C-E2_13PD-13A, targeted inactivation mutants of Clostridium sp. IBUN 

158B were created by integrating the Ll.LtrB group II intron of Lactococcus lactis into 

different points of its genome. The goal of such integrations was to inhibit the enzymatic 

functions of hydrogenase, lactate dehydrogenase, and 3-hydroxybutyryl-CoA dehydrogenase 

in single inactivation mutants, which should help improving 1,3-PD production from glycerol 

in the strain Clostridium sp. IBUN 158B by reducing byproduct generation and increasing the 

available NADH concentration arising from the glycerol oxidative pathway. Selection of the 

genes to be inactivated was based on previous reports for clostridial species, where the 

mentioned enzymatic functions were successfully modulated by means of genetic 
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overexpression or inactivation. For example, the fermentative lactate dehydrogenase of C. 

acetobutylicum had been investigated decades ago by complementation of an ldh-defective E. 

coli mutant (Contag et al. 1990) and its sequence was disclosed as part of the C. 

acetobutylicum genome project (Nölling et al. 2001). In a similar way, the gene encoding the 

[FeFe]-hydrogenase of C. acetobutylicum had been previously characterized after cloning in 

E. coli (Gorwa et al. 1996), while the homologous enzyme of C. butyricum was recently 

characterized and overproduced in C. acetobutylicum for improving hydrogen production 

(Klein 2009). In the same work, the gene encoding the 3-hydroxybutyryl-CoA-dehydrogenase 

of C. butyricum was sequenced and characterized (Klein 2009), leading to its inactivation 

with the ClosTron mutagenesis system in a subsequent work that constitutes the first 

publication about establishment of genetic engineering tools for this species (Cai et al. 2011).  

Gene overexpression or inactivation in the listed examples always led to modulation of the 

corresponding enzymatic activities in the resulting strains, so that a similar effect would be 

expected in Clostridium sp. IBUN 158B. Therefore, gene sequencing in the Colombian strain 

was based on the corresponding genes found in GenBank for C. butyricum 5521, given the 

already mentioned similarity to this species. Once sequences for the genes hydA, hbd, and 

ldhA of Clostridium sp. IBUN 158B were available, potential insertion sites for the Ll.LtrB 

intron of the ClosTron mutagenesis system were selected by entering each sequence in the 

“TargeTron® Design Site” online (Sigma-Aldrich Chemie GmbH, Steinheim, Germany). 

Insertion sites were selected as close to the start codon of each gene as possible, in order to 

reduce the possibilities of leaving gene fragments encoding products that preserve enzymatic 

activity in spite of disruption. Recognition of insertion sites relies on base pairing of a 15-

nucleotide region between the Ll.LtrB intron RNA and the target DNA (Karberg et al. 2001), 

so that the recognition site of a ClosTron vector can be modified by replacing the 

corresponding fragment of the Ll.LtrB intron with a 350-bp SOE-PCR product including the 

desired target sequence. This way, the ClosTron vectors pMTL007 and pMTL007C-E2 were 

targeted for two potential insertion sites of each gene to be inactivated (Table 5), and the 

resulting plasmids were used for genetic inactivation in Clostridium sp. IBUN 158B. 

Protocols for genetic inactivation by targeted group II intron integration have been established 

in the past for several clostridial species, including C. acetobutylicum, C. beijerinckii, C. 

sporogenes, C. difficile, C. perfringens, C. sordellii, and C. botulinum (Heap et al. 2010). 

Such protocols rely on transformation of targeted ClosTron plasmids into the corresponding 

clostridial cells before inducing site-specific intron integration. Nevertheless, general tools for 

genetic engineering in Clostridium sp. IBUN 158B or in the related species C. butyricum were 
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not available until last year, when a protocol for plasmid conjugation into the latter species 

was finally published (Cai et al. 2011). Therefore, a protocol for plasmid conjugation into 

Clostridium sp. IBUN 158B was established in this work, constituting a milestone for 

application of genetic engineering strategies to this Colombian strain. Conveniently, all 

ClosTron vectors are provided with the conjugation function traJ-oriT, so that they can be 

conjugated after transformation into an appropriate donor strain such as E. coli CA434. 

 

4.2.1. Protocols for plasmid conjugation and isolation of specific integrants successfully 

adapted to the strain Clostridium sp. IBUN 158B  

Establishment of a conjugation protocol for Clostridium sp. IBUN 158B was based on the 

recently published protocol of C. butyricum (Cai et al. 2011), in which a ClosTron plasmid 

was also used for targeted genomic integration. Conjugation offers an advantage over 

electroporation for new clostridial species, since their restriction-modification system is 

circumvented and thus, no previous methylation is necessary for the plasmids to be 

conjugated (Cai et al. 2011). However, suitability of the ClosTron plasmids for conjugation in 

Clostridium sp. IBUN 158B depends not only on interaction with the donor strain E. coli 

CA434, but also on recognition of the Gram-positive replication origin pCB102 and of the 

catP resistance gene in the Colombian strain. In this work, it was possible to conjugate 

ClosTron plasmids based on pMTL007 as well as on pMTL007C-E2 into Clostridium sp. 

IBUN 158B, demonstrating activity of the above mentioned plasmid elements. Successful 

conjugation was proved by amplification of the ltrA gene of the ClosTron plasmids from 

genomic DNA samples of the resulting transconjugant strains (Fig. 10). 

After the targeted ClosTron plasmids were conjugated into Clostridium sp. IBUN 158B, a 

protocol for selection of genomic integrants had to be established as well. Selection was 

performed with the original protocol of the ClosTron mutagenesis system (Heap et al. 2007), 

which includes inoculation of medium supplemented with thiamphenicol using overnight 

cultures of the transconjugant strains, previous to the regeneration phase without antibiotic. In 

contrast, the integrant selection protocol for C. butyricum is based on the use of colonies from 

selective agar plates as inoculum (Cai et al. 2011). The use of overnight cultures for 

inoculation allowed adaptation of transconjugant strains to the fluid medium and expression 

of the Ll.LtrB intron prior to segregation of the ClosTron plasmids in the absence of 

antibiotics. Expression of the Ll.LtrB intron required functionality of either the inducible 

hybrid Pfac promoter (pMTL007) or the constitutive Pfdx promoter of C. sporogenes 
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(pMTL007C-E2) in Clostridium sp. IBUN 158B, while successful selection of genomic 

integrants on agar supplemented with erythromycin required activity of the ermB 

retrotransposition-activated marker (RAM) and self-splicing of the td group I intron. The 

latter occurs rather automatically, as the td intron encodes its own homing-endonuclease 

(Edgell et al. 2010). However, the fact that genomic integrations were achieved with 

ClosTron plasmids based on pMTL007 as well as on pMTL007C-E2 indicates that all 

integrational elements of both ClosTron vectors are active in Clostridium sp. IBUN 158B. 

The main difference between the promoters Pfac and Pfdx is the fact that Pfac has to be induced 

with IPTG during exponential growth of the transconjugant strains, which is supposed to 

support growth of such strains before the genomic integration events take place. Nevertheless, 

specific integration events were achieved more frequently when using pMTL007C-E2 than 

with pMTL007, whereupon pMTL007C-E2 has the advantage of not having to be induced 

with IPTG prior to genomic integration of the Ll.LtrB intron. Independently of the ClosTron 

vector used, not every targeted insertion site allowed isolation of specific integrants. For 

example, no specific integration could be achieved at the hbd-192s site of Clostridium sp. 

IBUN 158B, even when sequencing of the recognition site from the ClosTron plasmids of the 

corresponding transconjugant strains revealed no undesired mutations after conjugation. 

Actually the same problem has often been observed in other works when using ClosTron 

plasmids for genomic intron integration in species such as C. acetobutylicum (Bettina Schiel-

Bengelsdorf, personal communication). 

Fortunately, specific integrants could be isolated for the sites ldhA-508s, hydA-420s, and hbd-

414s of Clostridium sp. IBUN 158B. Since the Ll.LtrB intron contains multiple stop codons 

in all reading frames, intron insertion in the first half of a gene is likely to disrupt gene 

function (Cai et al. 2011). Considering the total size of each gene (981, 1725, and 849 bp for 

the genes ldhA, hydA, and hbd, respectively), loss of activity would be expected for the 

disrupted proteins produced from the remaining gene fragments in each isolated mutant. In 

addition, important functional domains are encoded downstream of the integration sites ldhA-

508s, hydA-420s, and hbd-414s (Fig. 24), whose elimination would suppose inactivation of 

the resulting gene products in the isolated Clostridium sp. IBUN 158B mutants. For example, 

Ll.LtrB integration at the ldhA-508s site does not only disrupt the general LdhA catalytic 

domain, but also prevents complete translation of the 2-Hacid_dh_C cofactor binding domain 

of the fermentative lactate dehydrogenase. In the same way, intron integration at the hydA-

420s site avoids translation of the [FeFe]-hydrogenase large subunit Fe_hyd_lg_C and of the 

structural small subunit Fe_hyd_SSU, while integration at the hbd-414s site interrupts 
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translation of the cofactor binding domain 3HCDH_N and hampers translation of the 3HCDH 

C-terminal domain of the 3-hydroxybutyryl-CoA dehydrogenase (Fig. 24). 

However, the presence of other genes with an overlapping enzymatic activity in the genome 

of Clostridium sp. IBUN 158B would prevent complete abolition of the corresponding 

reactions, even after successful integration of the Ll.LtrB intron at each of the targeted 

integration sites.  

 

 

Fig. 24: Structural and functional domains predicted for the gene products inactivated in 

Clostridium sp. IBUN 158B. a) Lactate dehydrogenase LdhA of C. butyricum 5521; b) 

[FeFe]-hydrogenase of C. butyricum 5521; c) 3-hydroxybutyryl-CoA dehydrogenase of C. 

butyricum 5521 (domains obtained by searches with the conserved domains CD-Search tool 

of the National Center for Biotechnology Information). Green arrows indicate position of the 

integration sites ldhA-508s, hydA-420s, and hbd-414s in the corresponding genes of 

Clostridium sp. IBUN 158B. See the text for a detailed description of every exhibited 

domain. 
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Bioinformatic queries using the UniProt database (The Uniprot Consortium 2012) revealed 

the presence of five genes encoding lactate dehydrogenases and five genes encoding 

hydrogenases in the shotgun genomic sequence of C. butyricum 5521, including the already 

characterized bifurcating Fe-hydrogenase (Cai et al. 2011). Therefore, residual lactate 

dehydrogenase and hydrogenase activities were expected in the Clostridium sp. IBUN 158B 

mutants ldhA-508s::Ll.LtrB and hydA-420s::Ll.LtrB. In contrast, previous hbd inactivation 

experiments indicated that this is the only gene responsible for 3-hydroxybutyryl-CoA-

dehydrogenase activity in C. butyricum (Cai et al. 2011) and thus, complete elimination of the 

homologous enzymatic activity was expected in the mutant Clostridium sp. IBUN 158B hbd-

414s::Ll.LtrB. 

 

4.2.2. Established conditions of batch cultivation in glycerol medium enabled analysis 

of fermentation performance of the isolated mutants 

Once the targeted mutants of Clostridium sp. IBUN 158B were isolated, their fermentation 

performance was analyzed after cultivation on a glycerol medium optimized in a previous 

work for 1,3-PD production (Aragón 2007). In particular, concentrations of carbon and 

nitrogen sources as well as vitamins such as biotin and p-aminobenzoic acid were adjusted to 

achieve the maximal 1,3-PD yield by means of a response surface methodology. The use of 

this optimized medium for the strain Clostridium sp. IBUN 158B in batch experiments with a 

fermentation volume of 40 ml led to a final 1,3-PD concentration of 32 mM after 48 h (Pérez 

2009). Nevertheless, optimization of parameters for batch fermentation in a 4-l reactor led to a 

1,3-PD concentration of 257 mM after 48 h, demonstrating a remarkable improvement in the 

fermentation performance of the same strain. Such an improvement is probably related to 

adjusted growth conditions in the reactor, such as an agitation rate of 200 rpm, permanent N2 

sparging, and a controlled pH-value of 7.0, rather than a significant raise in the fermentation 

volume. These results suggest that performance of the modified Clostridium sp. IBUN 158B 

strains in small scale fermentations can only be compared to performance of the WT strain 

under the same conditions, while comparison to literature values can only be made after 

conducting fermentations with the modified strains under controlled reactor conditions. 

During preliminary growth experiments, it was found that yeast extract in the glycerol 

medium is also used by Clostridium sp. IBUN 158B as an additional carbon source, altering 

the carbon recovery values calculated for the WT and for every modified strain (Frank, 

unpublished). Nonetheless, further experiments also showed that yeast extract is necessary for 
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growth of Clostridium sp. IBUN 158B and it cannot be completely replaced by NH4Cl, 

because it probably does not only act as nitrogen source but also as a source for other essential 

nutrients. A similar effect has been observed for yeast extract during the growth of acetogenic 

clostridia (Leclerc et al. 1998). In fact, growth of all Clostridium sp. IBUN 158B strains until 

an O.D.600 value of app. 0.1 occurred without any measurable glycerol consumption (Figs. 15-

21), indicating that initial growth depended on the use of an alternative carbon source such as 

yeast extract. In any case, growth experiments without glycerol showed that growth on yeast 

extract as carbon source only influences carboxylic acid production, but neither glycerol 

consumption nor 1,3-PD production (data not shown). Therefore, 1,3-PD production values 

can still be compared for different Clostridium sp. IBUN 158B strains using the optimized 

glycerol medium, in spite of yeast extract used as additional carbon source influencing the 

calculated carbon recovery values. 

Before proceeding to batch cultivation of the obtained mutants, selective TSB cultures were 

used for inoculating sporulation medium supplemented with erythromycin and facilitating 

conservation of the mutant strains as spore preparations. This way, it was ascertained that the 

induced mutations did not alter the ability of Clostridium sp. IBUN 158B to sporulate nor the 

subsequent viability of the conserved spores. Precultures were then prepared by inoculating 

selective 2x TGY medium with spores of each strain and inducing germination by means of 

heat shock. Precultures were used for microscopic evaluation of the Clostridium sp. IBUN 

158B strains, revealing no relevant morphologic differences between the isolated mutants and 

the WT (Fig. 13). The above mentioned preliminary results suggest that the inactivated 

enzymatic activities do not have a direct influence on general phenotypic features of 

Clostridium sp. IBUN 158B, such as spore formation and viability, cell shape, or cell 

division. In order to adapt the mutant strains to the use of glycerol as main substrate, new 

precultures were set in 5 ml selective glycerol medium and incubated overnight before 

proceeding to inoculation of the 80-ml glycerol medium flasks used for the final growth 

experiments.  

The results of batch cultivation experiments indicate that inactivation of genes from the 

glycerol oxidative pathway in Clostridium sp. IBUN 158B imposes a metabolic burden to 

growth, leading to a prolonged duplication time for all modified strains in comparison to the 

WT. Mutant strains needed 72 h to reach the maximal O.D.600 values, while the WT strain 

reached it within the first 25 hours of cultivation. In addition, the hydA and hbd mutants 

exhibit a poor growth performance, reaching a maximal O.D.600 value only half as high as that 

of the WT strain (Flüchter, unpublished). The hydA mutant exhibited a remarkably long lag-
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phase (8 h), while growth rate of the hbd mutant dramatically declined after the first 8 h of 

cultivation (Fig. 25). In contrast, the ldhA mutant can use glycerol to grow further than the 

WT strain, reaching an app. 1.7-fold higher maximal O.D.600 value. For every strain, the 

maximal concentration of all detected products was reached during the onset of the stationary 

phase, indicating that product formation from glycerol in Clostridium sp. IBUN 158B WT and 

in the isolated mutants is associated with growth.  

HPLC analysis of culture samples allowed determining concentrations of consumed glycerol, 

1,3-PD, and byproducts such as ethanol and carboxylic acids for the isolated Clostridium sp. 

IBUN 158B strains. This way, it was noticed that changes observed in the growth 

performance of the Clostridium sp. IBUN 158B mutants regarding the WT strain are reflected 

in accordingly altered production profiles (Fig. 26). The effects observed on the growth 

performance and fermentation profile of each modified strain can be explained on the basis of 

the correspondingly expected changes in the glycerol metabolic pathways. Carbon recovery 

values calculated for every mutant strain were always lower than for Clostridium sp. IBUN 

158B WT, suggesting partial redirection of the glycerol oxidative pathway to some 

undetermined products downstream of pyruvate. A similar effect has already been observed in 

an ldh mutant of C. cellulolyticum, which produced 1.44-1.76-fold higher concentrations of 

malate, 2-hydroxyglutarate, and 2,3-butanediol than the WT strain (Li et al. 2012).  

The mutant Clostridium sp. IBUN 158B hydA-420s::Ll.LtrB exhibited a much slower growth 

rate and reached a significantly lower maximal O.D.600 value than the WT strain as revealed 

by a T-test (t=4.05, df=4, p<0.05), even when it attained similar values of glycerol 

consumption and 1,3-PD production at the end of the fermentation (Figs. 18 and 26). It is also 

the only analyzed strain with which a net production of ethanol was observed, compensated 

by lower concentrations of carboxylic acids than in the WT strain. It is worth to mention that 

ethanol concentrations detected in the cultures of all mutant strains are probably due to 

erythromycin addition to the culture medium, given the fact that erythromycin was dissolved 

in ethanol 50 % (v/v). Even though hydrogen was not measured in the gas phase of 

fermentation cultures in this work, a significant reduction in hydrogen production would be 

expected in the hydA mutant, since [FeFe]-hydrogenases are responsible for most of 

clostridial hydrogen production (Subudhi and Lal 2011). As a consequence of [FeFe]-

hydrogenase inhibition, regeneration of reduced ferredoxin should be taken over by the 

ferredoxin-NAD
+
 reductase, accompanied by a concomitant raise in NADH production.  
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Fig. 25: Growth of the mutant Clostridium sp. IBUN 158B hbd-414s::Ll.LtrB on selective 

glycerol medium compared to the WT strain (Flüchter, unpublished). Symbols: , 

Clostridium sp. IBUN 158B WT; , Clostridium sp. IBUN 158B hbd-414s::Ll.LtrB. 

 

 

Fig. 26: Changes in glycerol consumption and final product concentrations of the Clostridium 

sp. IBUN 158B mutants regarding the WT strain. Black bars, Clostridium sp. IBUN 158B 

hydA-420s::Ll.LtrB; gray bars, Clostridium sp. IBUN 158B hbd-414s::Ll.LtrB; white bars, 

Clostridium sp. IBUN 158B ldhA-508s::Ll.LtrB.  
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Higher ethanol and lower carboxylic acid concentrations in the hydA mutant compared to the 

WT strain reflect redirection of the oxidative metabolism as a consequence of excessive 

NADH production, so that two molecules of NADH can be regenerated per molecule of 

substrate in the reactions downstream of pyruvate. Regrettably, ethanol production is also 

more efficient than 1,3-PD production for rapid NADH regeneration, so that an augmented 

NADH production in Clostridium sp. IBUN 158B does not necessarily imply a higher 

production of 1,3-PD. 

On the other hand, the mutant Clostridium sp. IBUN 158B hbd-414s::Ll.LtrB exhibited a very 

poor fermentation performance, stressed not only by a lower maximal O.D.600 value (Fig. 25), 

but also by significantly lower concentrations of consumed glycerol and produced 1,3-PD 

than in the WT strain (Fig. 26). The hbd mutant did not exhibit any butyrate production, 

reflecting a complete inhibition of the 3-hydroxybutyryl-CoA dehydrogenase activity 

(Flüchter, unpublished). Such results are in accordance with those published for an equivalent 

inactivation in C. butyricum W5, where it was concluded that the protein encoded by the hbd 

gene is the only enzyme responsible for 3-hydroxybutyryl-CoA dehydrogenase activity in this 

species (Cai et al. 2011). Corresponding product redistribution was observed in the glycerol 

oxidative pathway of Clostridium sp. IBUN 158B hbd-414s::Ll.LtrB, with moderately higher 

concentrations of lactate and acetate than in the WT strain (Flüchter, unpublished). The 

inefficient metabolism of the hbd mutant could be due to a scarce regeneration of NADH in 

the glycerol oxidative pathway, as well as to insufficient ATP generation associated with 

acetate production. In any case, hbd inactivation also proved to be an ineffective strategy for 

improvement of 1,3-PD production in Clostridium sp. IBUN 158B. 

In contrast, inactivation of the ldhA gene in the mutant strain Clostridium sp. IBUN 158B 

ldhA-508s::Ll.LtrB was a very successful strategy to redirect a moderate amount of NADH to 

the glycerol reductive pathway, thereby significantly increasing glycerol consumption and 

1,3-PD production when compared to the WT strain (Fig. 26). Higher substrate consumption 

by this mutant was also reflected in a significantly higher maximal O.D.600 value than for the 

WT strain, as revealed by a T-test (t=4.01, df=4, p<0.05). Lactate concentration was more 

than 75 % reduced in the ldhA mutant, but simultaneous inactivation of paralog genes 

encoding other lactate dehydrogenases (similar to the genes CBY_0742, CBY_1691, 

CBY_2341, and CBY_2757 of C. butyricum) would also be necessary for complete 

elimination of lactate production. For example, simultaneous inactivation of the ldh gene and 
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the mdh gene (encoding malate dehydrogenase) in C. cellulolyticum led to a significantly 

lower lactate production than for the corresponding ldh single mutant (Li et al. 2012).   

Final concentrations of acetate and butyrate were higher for the mutant Clostridium sp. IBUN 

158B ldhA-508s::Ll.LtrB than for the WT strain, indicating that simultaneous activity of the 

glycerol oxidative pathway sets a natural limit to the increase of 1,3-PD yield in spite of 

higher glycerol consumption. Additionally, the marginal increment in 1,3-PD productivity of 

the ldhA mutant regarding the WT strain shows that the main difference between these two 

strains is the total amount of glycerol they can metabolize and not their rate of glycerol 

consumption or 1,3-PD production. Nevertheless, 1,3-PD yield from glycerol in the ldhA 

mutant was 10 % higher than in the WT strain and 1,3-PD titer was also significantly 

improved as revealed by a T-test (t=7.66, df=4, p<0.05), reaching almost 60 mM in 80-ml 

scale fermentations (app. 200 % more than in the WT strain). Accordingly, a much stronger 

effect would be expected when performing fermentations with the mutant Clostridium sp. 

IBUN 158B ldhA-508s::Ll.LtrB in a larger scale reactor under controlled fermenting 

conditions. 

 

4.3. Overexpression plasmid pMTL007C-E2_13PD-13A allows 

Clostridium sp. IBUN 158B to produce 1,3-PD independently of 

growth  

After targeted mutants of Clostridium sp. IBUN 158B were isolated, the last step made in this 

work for improvement of the 1,3-PD production was to overexpress the genes involved in the 

glycerol reductive pathway of Clostridium sp. IBUN 13A, which are placed together in the 

previously characterized 1,3-PD locus. A similar strategy has been reported for Klebsiella 

pneumoniae, where endogenous genes encoding the enzymes glycerol dehydratase and 1,3-

PD dehydrogenase were overexpressed using two compatible plasmids under the control of an 

arabinose-inducible promoter (Horng et al. 2010). Transformation of K. pneumoniae with 

these plasmids led to an app. 40 % increase in 1,3-PD production, even when 1,3-PD yield 

was just marginally improved. In a similar way, the 1,3-PD operon of C. butyricum was 

overexpressed in the strain C. acetobutylicum DG1 (cured from the pSOL1 megaplasmid) in 

order to achieve a higher 1,3-PD production (González-Pajuelo et al. 2005). For this purpose, 

the 1,3-PD operon was cloned in a shuttle vector downstream of the constitutive Pthl promoter 

(thiolase gene promoter of C. acetobutylicum), and the resulting plasmid was transformed in 
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the C. acetobutylicum strain, allowing it to grow on glycerol as sole carbon source and to 

produce app. 45 % more 1,3-PD than C. butyricum, yet with a slightly lower molar yield.  

In this work, the 1,3-PD locus of Clostridium sp. IBUN 13A was overexpressed by cloning it 

under the control of a constitutive promoter and then conjugating the resulting plasmid in 

Clostridium sp. IBUN 158B WT as well as in the inactivation mutants Clostridium sp. IBUN 

158B ldhA-508s::Ll.LtrB, Clostridium sp. IBUN 158B hydA-420s::Ll.LtrB, and Clostridium 

sp. IBUN 158B hbd-414s::Ll.LtrB. Identification of compatible plasmid elements such as 

replicon, conjugational function, and a constitutive promoter for Clostridium sp. IBUN 158B 

led to selection of the backbone of pMTL007C-E2 (Heap et al. 2010) as a vector for the 

cloning strategy. The 1,3-PD locus of Clostridium sp. IBUN 13A was therefore cloned in 

pMTL007C-E2 under the control of the constitutive Pfdx promoter (ferredoxin gene promoter 

of C. sporogenes) in place of the integrative elements Ll.LtrB and ltrA, giving rise to the 

overexpression plasmid pMTL007C-E2_13PD-13A. After conjugation with this plasmid, 

overexpression of the genes dhaB1 and dhaB2 in the resulting transconjugants should be 

constitutive. Though, if the promoter predicted directly upstream of the dhaT gene in 

Clostridium sp. IBUN 13A is active, expression of this gene from the plasmid pMTL007C-

E2_13PD-13A would still be subjected to natural regulation. The dhaT gene could so be 

overexpressed in strains bearing this plasmid due to a higher gene titer, just in the way the 

functionally related, self-regulated dhaR gene was overexpressed in K. pneumoniae after 

transformation with a plasmid, where the gene was placed under the control of its native 

promoter (Zheng et al. 2006). 

After conjugation of pMTL007C-E2_13PD-13A in the strains Clostridium sp. IBUN 158B 

WT, Clostridium sp. IBUN 158B hydA-420s::Ll.LtrB, and Clostridium sp. IBUN 158B ldhA-

508s::Ll.LtrB using the protocol for C. butyricum (Cai et al. 2011), the presence of the 

overexpression plasmid in the resulting transconjugants was confirmed by amplification of a 

specific 1299 bp fragment covering part of the cloned dhaT gene and part of the pMTL007C-

E2 backbone (Fig. 12). The original pMTL007C-E2 plasmid was conjugated in Clostridium 

sp. IBUN 158B WT as well, in order to evaluate its influence on the glycerol fermentative 

metabolism of the Colombian strain, and its presence was confirmed by amplification of a 

fragment of the ltrA gene. Conjugation of pMTL007C-E2_13PD-13A into Clostridium sp. 

IBUN 158B hbd-414s::Ll.LtrB was tried in a parallel work (Flüchter 2012), but the presence 

of the plasmid in the isolated clones after selection with thiamphenicol and erythromycin 

could not be confirmed by PCR, apparently because the ClosTron plasmid used for gene 

inactivation was never completely segregated in the conserved mutant samples. Several 
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passages of the mutant Clostridium sp. IBUN 158B hbd-414s::Ll.LtrB on TSB medium 

supplemented only with erythromycin and a control PCR for the ltrA gene would be necessary 

in order to guarantee curation of the corresponding ClosTron plasmid, before conjugation of 

pMTL007C-E2_13PD-13A can be tried again in this strain. 

The constitutive character of the Pfdx promoter could impose a major metabolic burden on 

recombinant strains during exponential growth, so maybe it would have been more convenient 

to clone the 1,3-PD locus of Clostridium sp. IBUN 13A under the control of an inducible 

promoter. Genetic overexpression from plasmids without inducible promoter is not only 

problematic for culture growth, but it also leads to plasmid instability and even plasmid loss 

after some generations (Skraly et al. 1998; Zheng et al. 2006). Constitutive overexpression of 

the 1,3-PD locus of Clostridium sp. IBUN 13A was already a problem during construction of 

the plasmid pMTL007C-E2_13PD-13A in E. coli, as indicated by the impossibility of 

repeating the cloning strategy, as well as by the point mutations found in the only obtained 

plasmid. Fortunately, these mutations seem not to be lethal for activity of the encoded 

enzymes. For example, the point substitution at the nucleotide 1465 of the cloned dhaB1 gene, 

leading to a K489E mutation, should not be critical for glycerol dehydratase activity in spite 

of falling into the PFL2_DhaB_BssA pyruvate formate lyase/glycerol dehydratase domain 

(Fig. 27), because reported residues for the active site and dimer interface are located 

elsewhere on the protein sequence (O’Brien et al. 2004). The point deletion at the nucleotide 

1037 of the cloned dhaT gene is more critical, modifying the last 40 aminoacids of the 

translated 1,3-PD dehydrogenase, which make part of the global LPO 

lactaldehyde:propanediol oxidoreductase domain (Fig. 27). Nevertheless, all important 

residues for the active site, dimer interface, and metal binding site are located upstream of the 

aminoacid 345 (Marçal et al. 2009), so the truncated protein encoded by pMTL007C-

E2_13PD-13A should still give rise to an active 1,3-PD dehydrogenase. 

In spite of the metabolic burden imposed by constitutive overexpression of the 1,3-PD locus 

of Clostridium sp. IBUN 13A from the pMTL007C-E2_13PD-13A plasmid, the isolated 

Clostridium sp. IBUN 158B transconjugants exhibited normal sporulation in selective 

sporulation medium and new precultures could be established by inoculating the spores in 

selective 2x TGY medium after heat shock. Cultures of the WT strain conjugated with either 

the empty vector or the overexpression plasmid were selected only with thiamphenicol, while 

cultures of the inactivation mutants carrying the overexpression plasmid were selected with 

erythromycin and thiamphenicol simultaneously. For the Clostridium sp. IBUN 158B 

inactivation mutants, viability after conjugation with the overexpression plasmid implies that 



99 

overexpression of the 1,3-PD locus of Clostridium sp. IBUN 13A is compatible with the 

preexisting mutations in the genes hydA and ldhA. Such an effect was expected, because 

mutations should increase the availability of NADH in the cells, while overexpression of the 

1,3-PD locus should help to retransform the excess of NADH into NAD
+
.  

Fermentative performance of the recombinant Clostridium sp. IBUN 158B strains was 

analyzed by setting up cultures in anaerobic shake flasks with 80 ml glycerol medium (Pérez 

2009) under the same conditions as for the inactivation mutants (see 4.2.2.). 

 

 

Fig. 27: Structural and functional domains predicted for the gene products encoded from the 

plasmid pMTL007C-E2_13PD-13A. a) SAM-dependent glycerol dehydratase of 

Clostridium sp. IBUN 13A; b) glycerol dehydratase activator protein of Clostridium sp. 

IBUN 13A; c) 1,3-PD dehydrogenase of Clostridium sp. IBUN 13A (domains obtained by 

searches with the CD-Search tool of the National Center for Biotechnology Information). 

Green arrows indicate the point substitution K489E on the SAM-dependent glycerol 

dehydratase encoded by pMTL007C-E2_13PD-13A, as well as the start of the frameshift 

downstream of the residue M345 on the 1,3-PD dehydrogenase, due to mutations on the 

corresponding genes. Exhibited domains for each protein are described in the text. 
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Growth experiments with the resulting recombinant strains showed that the strain Clostridium 

sp. IBUN 158B [pMTL007C-E2_13PD-13A] reached a maximal O.D.600 app. 2.2-fold higher 

than the WT strain, even when growing slower due to the metabolic burden imposed by the 

presence of the plasmid (Table 6). In the same way, the strain Clostridium sp. IBUN 158B 

hydA-420s::Ll.LtrB [pMTL007C-E2_13PD-13A] exhibited a maximal O.D.600 app. 2.7-fold 

higher than that of the plasmidless mutant, though its growth rate was 35 % slower. The 

decelerating effect of the plasmid pMTL007C-E2_13PD-13A on the doubling time of 

Clostridium sp. IBUN 158B was nonetheless milder than the effect of genetic inactivations. 

Regarding Clostridium sp. IBUN 158B [pMTL007C-E2_13PD-13A], augmented NADH 

regeneration by means of the overexpressed glycerol reductive pathway allowed the strain to 

consume more glycerol for the oxidative pathway, and hence, to produce more ATP for 

culture growth than the WT strain (Figs. 17 and 28). Similarly, overexpression of the glycerol 

reductive pathway in the hydA mutant helped to alleviate the accumulation of NADH induced 

by a high ferredoxin-NAD
+
 reductase activity, allowing the mutant to use more substrate for 

ATP generation during the oxidative pathway and to reach a correspondingly higher cell 

concentration (Figs. 20 and 28).  

All Clostridium sp. IBUN 158B strains bearing the overexpression plasmid exhibited a 

significantly higher 1,3-PD production than the plasmidless WT strain (Fig. 28), even when 

improvement in 1,3-PD yield was less than 10 % (Table 8). Surprisingly, the plasmid 

pMTL007C-E2 itself exerts a moderate effect on the fermentation performance of the strain 

Clostridium sp. IBUN 158B, just as the unspecific plasmid effect that has been observed for 

other shuttle vectors in Acetobacterium woodii (Straub 2012). Nevertheless, the effect of 

conjugation with pMTL007C-E2_13PD-13A on glycerol metabolism of the WT strain is 

much more marked than with pMTL007C-E2. Thus, Clostridium sp. IBUN 158B 

[pMTL007C-E2_13PD-13A] exhibits app. 87 % more glycerol consumption and 128 % more 

1,3-PD production than Clostridium sp. IBUN 158B [pMTL007C-E2]. Such an effect could 

not be explained only by overexpression of the genes encoding glycerol dehydratase and its 

activator, since such overexpression has already been compared to dhaT overexpression in K. 

pneumoniae and only the latter (alone or in combination with glycerol dehydratase genes) 

leads to significantly higher 1,3-PD production (Horng et al. 2010). Therefore, it is plausible 

that the dhaT gene of Clostridium sp. IBUN 13A also becomes overexpressed from the 

plasmid pMTL007C-E2_13PD-13A, even when a point deletion on the plasmid alters the last 

40 amino acids (which seem not be required for 1,3-PD dehydrogenase activity).  
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Fig. 28: Changes in glycerol consumption and final product concentrations of recombinant 

Clostridium sp. IBUN 158B strains in comparison to the plasmidless WT strain. Black 

bars, Clostridium sp. IBUN 158B [pMTL007C-E2]; dark gray bars, Clostridium sp. IBUN 

158B [pMTL007C-E2_13PD-13A]; light gray bars, Clostridium sp. IBUN 158B hydA-

420s::Ll.LtrB [pMTL007C-E2_13PD-13A]; white bars, Clostridium sp. IBUN 158B ldhA-

508s::Ll.LtrB [pMTL007C-E2_13PD-13A]. 

 

Clostridium sp. IBUN 158B strains bearing the plasmids pMTL007C-E2 or pMTL007C-

E2_13PD-13A exhibited lower carbon recovery values than the WT strain, in the same way as 

it was previously described for the isolated inactivation mutants. Redirection of the oxidative 

metabolism to undetermined byproducts such as formate, succinate, or 2,3-butanediol due to 

the presence of these plasmids would be conceivable, just as it has been reported for 

recombinant strains of C. acetobutylicum, E. coli, and K. pneumoniae in which genes from the 

glycerol reductive pathway were overexpressed by plasmid transformation (González-Pajuelo 

et al. 2006; Tang et al. 2009; Zhuge et al. 2010). 

Concerning byproducts determined in this work, all strains carrying the overexpression 

plasmid produced more acetate and butyrate and less lactate than the plasmidless Clostridium 

sp. IBUN 158B WT strain (Fig. 28). This fact is related to the increased growth triggered by 

overexpression of the glycerol reductive pathway. As more NADH could be regenerated by 

1,3-PD production, more glycerol could be simultaneously consumed through the oxidative 
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pathway and this led to higher byproduct concentrations, especially of products related to 

ATP generation for supporting growth and metabolism, such as acetate and butyrate. In turn, 

less of the glycerol funneled into the oxidative pathway was devoted solely to NADH 

regeneration, because this function was taken over by the overexpressed reductive pathway, 

so that lactate production was strongly reduced (or even completely eliminated in the case of 

Clostridium sp. IBUN 158B [pMTL007C-E2_13PD-13A]). Regarding ethanol, a net 

production was only found in the mutant Clostridium sp. IBUN 158B hydA-420s::Ll.LtrB, 

probably related to a surplus of NADH produced by the ferredoxin-NAD
+
 reductase during 

regeneration of reduced ferredoxin. Yet, overexpression of the glycerol reductive pathway in 

the recombinant strain Clostridium sp. IBUN 158B hydA-420s::Ll.LtrB [pMTL007C-

E2_13PD-13A] enabled it to cope with the NADH surplus by producing more 1,3-PD, so that 

ethanol production was canceled again (Fig. 29). 

In contrast to the other isolated mutants, the plasmidless mutant Clostridium sp. IBUN 158B 

ldhA-508s::Ll.LtrB exhibited itself a significantly higher maximal O.D.600 than Clostridium 

sp. IBUN 158B WT, but conjugation with pMTL007C-E2_13PD-13A seemed to partially 

reverse the effects of ldhA inactivation regarding growth and glycerol metabolism (Fig. 29). 

While the doubling time for the strain Clostridium sp. IBUN 158B ldhA-508s::Ll.LtrB 

[pMTL007C-E2_13PD-13A] was practically the same as for the plasmidless mutant, its 

maximal O.D.600 was app. 1.7 times lower, reaching the level of the WT strain (Table 6). 

Possibly, the plasmidless ldhA mutant had already reached a metabolic limit, where almost all 

of the glycerol funneled into the oxidative pathway was devoted to ATP-associated 

production of acetate and butyrate, while the resulting excess of NADH was mostly 

regenerated by means of 1,3-PD production. In that case, overexpression of the glycerol 

reductive pathway may have induced a metabolic imbalance, so that Clostridium sp. IBUN 

158B ldhA-508s::Ll.LtrB [pMTL007C-E2_13PD-13A] had to cope with the boosted reductive 

metabolism by redirecting glycerol to the ATP-generating butyrate pathway. The recombinant 

strain still consumed more glycerol and produced more 1,3-PD than Clostridium sp. IBUN 

158B WT (Fig. 28). Nontheless, the high NAD
+
 concentrations accumulated could have 

induced reconversion of the produced 1,3-PD into the intermediary 3-

hydroxypropionaldehyde (3-HPA), whose toxicity hinders growth in the course of the 

fermentation (Zheng et al. 2006). Maybe for this reason, less glycerol was consumed and 

correspondingly lower concentrations of 1,3-PD, lactate, and acetate were produced by the 

recombinant strain than by the plasmidless ldhA mutant (Figs. 21 and 29). 
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Fig. 29: Changes in glycerol consumption and final product concentrations of recombinant 

Clostridium sp. IBUN 158B inactivation mutants in comparison to the corresponding 

plasmidless mutants. Black bars, Clostridium sp. IBUN 158B hydA-420s::Ll.LtrB 

[pMTL007C-E2_13PD-13A]; white bars, Clostridium sp. IBUN 158B ldhA-508s::Ll.LtrB 

[pMTL007C-E2_13PD-13A]. 

 

In general, results obtained after inactivating genes from the glycerol oxidative pathway in the 

strain Clostridium sp. IBUN 158B could be easily explained on the basis of the NADH/NAD
+
 

redox equilibrium and the known byproducts of the oxidative pathway, while results obtained 

after overexpressing genes from the 1,3-PD locus of Clostridium sp. IBUN 13A in the 

resulting Clostridium sp. IBUN 158B strains could be explained by an increased activity of 

the enzymes involved in glycerol reductive metabolism. The fact that 1,3-PD continued being 

produced in strains in which cell density increased slowly until the end of the fermentation, 

such as Clostridium sp. IBUN 158B [pMTL007C-E2] and Clostridium sp. IBUN 158B ldhA-

508s::Ll.LtrB [pMTL007C-E2_13PD-13A], supports the postulate of 1,3-PD being a growth-

associated product. It means that higher 1,3-PD concentrations could have been reached with 

these strains if fermentations would have been conducted for a longer period of time. 

Nevertheless, the ratio of substrate consumed for the oxidative or the reductive glycerol 

pathways is very robust in Clostridium sp. IBUN 158B and thus, most of the applied genetic 

engineering strategies led to a relevant increase in glycerol consumption and 1,3-PD 

production, not to a significant improvement of 1,3-PD yield from glycerol.  



104 

In contrast to most cases, uninterrupted 1,3-PD production during the stationary growth phase 

in the strain Clostridium sp. IBUN 158B [pMTL007C-E2_13PD-13A] indicates that 

expression of the 1,3-PD locus of Clostridium sp. IBUN 13A from the Pfdx promoter of 

pMTL007C-E2_13PD-13A is not subjected to growth-associated regulation. Similarly, the 

higher 1,3-PD productivity exhibited by this strain during the exponential growth phase 

suggests simultaneous expression of the genes contained in the 1,3-PD locus from the genome 

and from the overexpression plasmid. While genetic inactivation strategies seem to reach a 

metabolic limit for 1,3-PD production, constitutive overexpression of the glycerol reductive 

pathway overcomes the barrier of growth-associated metabolism and leads to a higher 1,3-PD 

production in the long term. In this sense, overexpression of the glycerol reductive pathway 

worked better for Clostridium sp. IBUN 158B than inactivation of genes from the glycerol 

oxidative pathway, whereupon performance of the strains Clostridium sp. IBUN 158B 

[pMTL007C-E2_13PD-13A] and Clostridium sp. IBUN 158B ldhA-508s::Ll.LtrB was 

comparable to each other. 

In summary, the strain Clostridium sp. IBUN 158B [pMTL007C-E2_13PD-13A] exhibited 

the highest 1,3-PD titer and productivity between all analyzed strains and it could have 

produced even more 1,3-PD if the fermentation would have been conducted for 120 h, given 

the fact that 1,3-PD production using the enzymes produced from pMTL007C-E2_13PD-13A 

seems to work independently of growth. The mutant Clostridium sp. IBUN 158B ldhA-

508s::Ll.LtrB also exhibited some advantages, such as the best 1,3-PD yield between all 

analyzed strains, the second best 1,3-PD titer and productivity, and its robustness, since it 

circumvents the risk of plasmid instability in the long term. Therefore, it is recommended to 

perform fed-batch or continuous fermentations in 1-5-l scale reactors with the strains 

Clostridium sp. IBUN 158B [pMTL007C-E2_13PD-13A] and Clostridium sp. IBUN 158B 

ldhA-508s::Ll.LtrB, using pure or raw glycerol as substrate. Only this way, their whole 

potential for 1,3-PD production could be exploited by using the best fermenting conditions 

established previously in Colombia (Aragón 2007; Pérez 2009), as explained at the beginning 

of section 4.2.2., so that the strains become competitive for the industrial production of 1,3-

PD from biodiesel-derived glycerol. 

 

  



105 

5. Summary 

1. The Colombian strain Clostridium sp. IBUN 158B was modified by means of genetic 

engineering strategies in order to improve its 1,3-propanediol (1,3-PD) production from 

glycerol. For this purpose, three dispensable genes from the glycerol oxidative pathway 

were inactivated, giving rise to three single mutants, while three genes from the glycerol 

reductive pathway of Clostridium sp. IBUN 13A were overexpressed in the resulting 

Clostridium sp. IBUN 158B strains using an overexpression plasmid. 

 

2. The contiguous genes dhaB1, dhaB2, and dhaT of Clostridium sp. IBUN 13A, involved in 

the glycerol reductive pathway, were sequenced and recognized as 1,3-PD locus 

(GenBank accession DQ901408). Sequence analysis allowed identifying a ribosome 

binding site (RBS) directly upstream of every predicted gene and a rho-independent 

terminator downstream of dhaT. Primer extension experiments led to prediction of two 

putative promoters upstream of dhaB1. Additionally, Northern blot and RT-PCR 

experiments (Flüchter 2012) suggest that the 1,3-PD locus actually contains two 

transcriptional units. 

 

3. The conjugative overexpression plasmid pMTL007C-E2_13PD-13A was constructed by 

amplifying the 1,3-PD locus of Clostridium sp. IBUN 13A without the promoters located 

upstream of dhaB1 and ligating it into the vector pMTL007C-E2 under the control of the 

constitutive Pfdx promoter. 

 

4. The genes hydA, ldhA, and hbd of Clostridium sp. IBUN 158B were selected for genetic 

inactivation, as they are mostly responsible for the enzymatic activities hydrogenase, 

lactate dehydrogenase, and 3-hydroxybutyryl-CoA dehydrogenase in related species. For 

this purpose, the genes were partially sequenced (GenBank accessions GQ180214, 

GQ180218, and GQ180216, respectively). 

 

5. A protocol for plasmid conjugation into Clostridium sp. IBUN 158B was established 

based on the protocol recently published for C. butyricum (Cai et al. 2011). Using this 

protocol, targeted ClosTron plasmids were conjugated into Clostridium sp. IBUN 158B 

and used to produce integration mutants carrying the Ll.LtrB intron at the insertion sites 

hydA-420s, ldhA-508s, or hbd-414s, respectively. The overexpression plasmid 
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pMTL007C-E2_13PD-13A was then conjugated in Clostridium sp. IBUN 158B WT as 

well as in the mutants hydA-420s::Ll.LtrB and ldhA-508s::Ll.LtrB. 

 

6. Neither the genetic inactivations nor the presence of the plasmid pMTL007C-E2_13PD-

13A hindered the ability of the obtained Clostridium sp. IBUN 158B strains to sporulate 

or the viability of the resulting spores. For analysis of fermentative performance, 

anaerobic shake flasks with 80 ml glycerol medium (Pérez 2009) containing 217 mM pure 

glycerol were inoculated with each strain and incubated for 72-120 h at 37 ºC. 

 

7. The Clostridium sp. IBUN 158B mutants hydA-420s::Ll.LtrB and hbd-414s::Ll.LtrB 

reached lower cell concentrations and lower 1,3-PD titer than the WT strain. While the 

hydA mutant was probably inhibited by an excessive NADH production, the hbd mutant 

could not produce any butyrate and this led to a deficit in ATP production and NADH 

regeneration. By contrast, the ldhA mutant reached a 1.7-fold higher maximal cell 

concentration and app. 195 % higher 1,3-PD titer than the WT strain, exhibiting the 

highest 1,3-PD yield of all analyzed strains (9.4 % higher than that of the WT strain). 

 

8. All Clostridium sp. IBUN 158B strains carrying the plasmid pMTL007C-E2_13PD-13A 

consumed more glycerol and produced more 1,3-PD than the WT strain. However, 

conjugation of the plasmid pMTL007C-E2_13PD-13A in the ldhA mutant led to a less 

productive fermentation profile than for the plasmidless ldhA mutant. On the contrary, the 

presence of the overexpression plasmid in the hydA mutant led to higher maximal cell 

concentration and 1,3-PD titer than for the plasmidless hydA mutant. The strain 

Clostridium sp. IBUN 158B [pMTL007C-E2_13PD-13A] showed the best results in this 

work, reaching a 203 % higher 1,3-PD titer and 5.3 % more 1,3-PD productivity than 

Clostridium sp. IBUN 158B WT.  

 

9. Fed-batch or continuous fermentations should be carried out in the future with the strains 

Clostridium sp. IBUN 158B [pMTL007C-E2_13PD-13A] and Clostridium sp. IBUN 

158B ldhA-508s::Ll.LtrB, as they exhibited the highest values of 1,3-PD titer, yield and 

productivity in this work. Experiments should be carried out in 1-5-l reactors using raw 

glycerol as substrate and the fermentation conditions optimized previously for Clostridium 

sp. IBUN 158B (Aragón 2007; Pérez 2009), in order to fully exploit the potential of these 

strains for 1,3-PD production from biodiesel-derived glycerol. 
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6. Zusammenfassung 

1. Der kolumbianische Stamm Clostridium sp. IBUN 158B wurde mittels gentechnischer 

Strategien modifiziert, um die 1,3-Propandiol (1,3-PD)-Produktion aus Glycerin zu 

erhöhen. Dafür wurden drei nicht essentielle Gene aus dem oxidativen Ast des 

Glycerinstoffwechselweges inaktiviert, wodurch drei Mutanten entstanden. Gleichzeitig 

wurden drei Gene des reduktiven Asts aus Clostridium sp. IBUN 13A in den 

Inaktivierungsmutanten und dem Wildtyp IBUN 158B überexprimiert.  

 

2. Die dem reduktiven Ast des Glycerinstoffwechsels zugehörigen und benachbarten Gene 

dhaB1, dhaB2 und dhaT aus Clostridium sp. IBUN 13A wurden sequenziert und als 1,3-

PD-Lokus identifiziert (GenBank-Eintrag DQ901408). Über Sequenzanalysen wurden vor 

jedem Gen Ribosomenbindestellen und zudem ein Rho-unabhängiger Terminator nach 

dem dhaT-Gen vorhergesagt. „Primer extension“-Experimente lieferten zwei mögliche 

Promotoren vor dem dhaB1-Gen. „Northern blot“- und RT-PCR-Experimente (Flüchter 

2012) legen nahe, dass der 1,3-PD-Lokus aus zwei transkriptionellen Einheiten besteht.  

 

3. Zur Konstruktion des Überexpressionsplasmids pMTL007C-E2_13PD-13A wurde der 

1,3-PD-Lokus ohne die Promotoren vor dhaB1 aus Clostridium sp. IBUN 13A 

amplifiziert und in den Vektor pMTL007C-E2 ligiert, wobei der Lokus dabei unter die 

Kontrolle des konstitutiven Pfdx-Promoters gestellt wurde.  

 

4. Die Produkte der Gene hydA, ldhA und hbd aus Clostridium sp. IBUN 158B sind in 

verwandten Arten hauptsächlich für Hydrogenase-, Lactatdehydrogenase- und 3-

Hydroxybutyryl-CoA-Dehydrogenase-Aktivitäten verantwortlich. Deshalb wurden diese 

Gene für eine Inaktivierung ausgewählt. Dafür wurden zunächst Teile der Gensequenzen 

bestimmt (GenBank-Einträge GQ180214, GQ180218 und GQ180216). 

 

5. Für die Konjugation in Clostridium sp. IBUN 158B wurde ein Protokoll etabliert, das auf 

Arbeiten mit C. butyricum basiert (Cai et al. 2011). Nach Konjugation von ClosTron-

Plasmiden in Clostridium sp. IBUN 158B wurden Integrationsmutanten erhalten, die das 

Ll.LtrB-Intron an den Insertionsstellen hydA-420s, ldhA-508s oder hbd-414s enthielten. 

Das Überexpressionplasmid pMTL007C-E2_13PD-13A wurde sowohl in den Wildtyp als 

auch in die Mutanten hydA-420s::Ll.LtrB und ldhA-508s::Ll.LtrB konjugiert.  
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6. Die Sporulation und die Keimungsfähigkeit der Sporen der resultierenden Clostridium sp. 

IBUN 158B-Stämme wurden durch die Geninaktivierung und Präsenz des 

Überexpressionsplasmids pMTL007C-E2_13PD-13A nicht beeinflusst. Die 

Fermentationsleistung jedes Stammes wurde in Wachstumsversuchen bei 37 °C über 72-

120 h in 80 ml Glycerin-Medium (Pérez 2009) mit 217 mM Glycerin bestimmt.  

 

7. Die Clostridium sp. IBUN 158B-Mutanten hydA-420s::Ll.LtrB und hbd-414s::Ll.LtrB 

erreichten niedrigere Zelldichten und 1,3-PD-Konzentrationen als der Wildtypstamm. Die 

hydA-Mutante könnte hierbei durch die erhöhte NADH-Produktion beeinträchtigt sein. 

Die hbd-Mutante produzierte kein Butyrat, was ein Defizit in der ATP-Bildung und 

NADH-Regeneration zur Folge hat. Dagegen erreichte die ldhA-Mutante eine 1,7-fach 

höhere Zelldichte als der Wildtypstamm und produzierte den höchsten bestimmten 1,3-

PD-Ertrag aller getesteten Stämme (9,4 % höher als der Wildtypstamm). 

 

8. Alle Clostridium sp. IBUN 158B-Stämme mit dem Plasmid pMTL007C-E2_13PD-13A 

verbrauchten mehr Glycerin und produzierten mehr 1,3-PD als der Wildtypstamm. Jedoch 

verschlechterte die Konjugation des Plasmids pMTL007C-E2_13PD-13A in die ldhA-

Mutante ihre Fermentationsleistung. Umgekehrt führte die Präsenz des Plasmids in der 

hydA-Mutante zu einer höheren Zelldichte und 1,3-PD-Produktion. Der Stamm 

Clostridium sp. IBUN 158B [pMTL007C-E2_13PD-13A] zeigte im Vergleich zum 

Wildtypstamm mit einer um 203 % gesteigerten 1,3-PD-Konzentration und einer um 

5,3 % höheren Produktivität die insgesamt höchste Ausbeute. 

 

9. „Fed-batch“- oder kontinuierliche Fermentationen mit den Stämmen Clostridium sp. 

IBUN 158B [pMTL007C-E2_13PD-13A] und Clostridium sp. IBUN 158B ldhA-

508s::Ll.LtrB sollten in zukünftigen Arbeiten durchgeführt werden, da diese Stämme in 

dieser Arbeit die höchsten 1,3-PD-Konzentrationen, -Erträge und -Produktivitäten zeigten. 

Diese Experimente sollten in 1-5-l-Reaktoren mit Rohglycerin als Substrat und unter 

Bedingungen, wie sie für Clostridium sp. IBUN 158B bereits optimiert wurden (Aragón 

2007; Pérez 2009), durchgeführt werden. Bei Verwendung von Glycerin aus der 

Biodieselherstellung könnte das volle Potential dieser Stämme in der 1,3-PD-Produktion 

ausgeschöpft werden. 
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8. Appendix: growth and production parameters 

determined for Clostridium sp. IBUN 158B strains 

Optical density, glycerol consumption, and product concentration data for 80-ml cultures of 

the Clostridium sp. IBUN 158B strains analyzed in this work are presented in Table 10. 

 

Table 10: Optical density (O.D.600), glycerol consumption, and product concentration data for 

80-ml cultures of Clostridium sp. IBUN 158B strains. 

Strain 
Culture 

Nr. 

Time 

(h) 
O.D.600 

Glycerol 

(mM) 

1,3-PD 

(mM) 

Ethanol 

(mM) 

Lactate 

(mM) 

Acetate 

(mM) 

Butyrate 

(mM) 

WT 1 

0 0.01 252.59 0 0 0 0 0 

4 0.15 257.5 0 0 1.74 0 0 

8 0.55 246.37 0.85 0 2.64 2.59 0 

25 1.02 219.69 19.02 0 8.28 0 4.76 

72 1.02 215.61 18.94 0 7.9 1.32 4.66 

WT 2 

0 0.01 259.1 0 0 0 0 0 

4 0.09 255.67 0 0 1.51 0 0 

8 0.88 241.25 6.09 0 3.83 2.76 1.48 

25 0.93 227.27 17.25 0 8.15 0 4.17 

72 0.96 213.51 16.48 0 7.51 1.39 3.89 

WT 3 

0 0.01 248.23 0 0 0 0 0 

4 0.09 252.96 0 0 1.67 0 0 

8 0.97 225.16 8.28 0 4.06 3.55 2.08 

25 1.12 205.69 20.84 0 7.34 0 5.31 

72 0.94 197.98 19.4 0 7.04 1.82 5.06 

WT Average 

0 0.01 253.31 0 0 0 0 0 

4 0.11 255.38 0 0 1.64 0 0 

8 0.8 237.59 5.07 0 3.51 2.97 1.19 

25 1.02 217.55 19.04 0 7.92 0 4.75 

72 0.97 209.03 18.27 0 7.48 1.51 4.54 

WT S.D.
1 

0 0.01 5.47 0 0 0 0 0 

4 0.04 2.28 0 0 0.12 0 0 

8 0.22 11.07 3.82 0 0.76 0.51 1.07 

25 0.1 10.95 1.8 0 0.51 0 0.57 

72 0.04 9.63 1.57 0 0.43 0.27 0.59 

1
 S.D. = standard deviation. 
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Table 10: Optical density (O.D.600), glycerol consumption, and product concentration data for 

80-ml cultures of Clostridium sp. IBUN 158B strains (continued). 

Strain 
Culture 

Nr. 

Time 

(h) 
O.D.600 

Glycerol 

(mM) 

1,3-PD 

(mM) 

Ethanol 

(mM) 

Lactate 

(mM) 

Acetate 

(mM) 

Butyrate 

(mM) 

WT 

[Vector]
1 1 

0 0.03 245.92 0 0 0 0 0 

4 0.09 249 0 0 1.34 0 0 

8 0.31 248.07 3.24 0 1.85 2.83 0 

25 1.16 196.78 22.46 0 7.25 2.09 5.36 

72 1.01 197.03 21.62 0 7.23 1.45 5.38 

WT 

[Vector] 
2 

0 0.01 251.51 0 0 0 0 0 

4 0.05 246.1 0 0 1.34 0 0 

8 0.8 238.91 3.24 0 3.48 2.83 0 

25 0.97 214.38 14.94 0 7.37 2.09 4.04 

72 1.37 190.59 29.05 0 4.73 5.41 7.36 

WT 

[Vector] 
3

2 

0 0.08 248.66 0 0 1.13 0 0 

4 1.02 236.45 6.06 0 3.22 4.81 1.48 

8 1.62 210.8 14.94 0 6.62 3.25 4.37 

25 1.36 210.36 16.29 0 6.64 2.98 4.85 

72 1.3 202.52 20.25 0 5.86 4.26 5.62 

WT 

[Vector] 
Average 

0 0.02 248.72 0 0 0 0 0 

4 0.07 247.55 0 0 1.34 0 0 

8 0.56 243.49 3.24 0 2.67 2.83 0 

25 1.07 205.58 18.7 0 7.31 2.09 4.7 

72 1.19 193.81 25.34 0 5.98 3.43 6.37 

WT 

[Vector] 
S.D.

3 

0 0.01 3.95 0 0 0 0 0 

4 0.02 2.05 0 0 0 0 0 

8 0.34 6.48 0 0 1.15 0 0 

25 0.13 12.45 5.32 0 0.08 0 0.93 

72 0.25 4.55 5.25 0 1.77 2.8 1.4 

1
 Vector = pMTL007C-E2. 

2
 Culture Nr. 3 exhibited too divergent data and was therefore not considered for calculation of average values. 

3
 S.D. = standard deviation. 

 

 

 

 



121 

Table 10: Optical density (O.D.600), glycerol consumption, and product concentration data for 

80-ml cultures of Clostridium sp. IBUN 158B strains (continued). 

Strain 
Culture 

Nr. 

Time 

(h) 
O.D.600 

Glycerol 

(mM) 

1,3-PD 

(mM) 

Ethanol 

(mM) 

Lactate 

(mM) 

Acetate 

(mM) 

Butyrate 

(mM) 

WT 

[O.P.]
1 1 

0 0.03 240.03 0 0 0 0 0 

4 0.24 242.33 0 0 1.35 0 0 

8 0.6 232.64 3.72 0 0 0 2.47 

25 2.32 172.6 37.77 0 0 4.1 9.53 

72 2.19 140.03 56.81 0 0 2.63 14.49 

WT 

[O.P.] 
2 

0 0.03 251.08 0 0 0 0 0 

4 0.15 250.56 0 0 1.41 0 0 

8 0.37 246.4 0 0 1.72 0 0 

25 3.01 155.26 55.98 0 0 3.69 13.93 

72 1.95 152.47 55.7 0 0 2.93 14.25 

WT 

[O.P.] 
3

 

0 0.01 244.15 0 0 0 0 0 

4 0.25 239.28 0 0 1.29 0 0 

8 0.53 232.16 1.93 0 1.18 0 2.28 

25 2.18 178.61 34.65 0 0 4.75 8.43 

72 2.47 135.29 60.87 0 0 3.92 14.29 

WT 

[O.P.] 
Average 

0 0.03 245.09 0 0 0 0 0 

4 0.22 244.06 0 0 1.35 0 0 

8 0.5 237.07 1.88 0 0.97 0 1.58 

25 2.5 168.82 42.8 0 0 4.18 10.63 

72 2.2 142.6 57.79 0 0 3.16 14.34 

WT 

[O.P.] 
S.D.

2 

0 0.01 5.58 0 0 0 0 0 

4 0.06 5.83 0 0 0.06 0 0 

8 0.12 8.09 1.86 0 0.88 0 1.37 

25 0.44 12.12 11.52 0 0 0.53 2.91 

72 0.26 8.87 2.72 0 0 0.68 0.13 

1
 O.P. = Overexpression plasmid pMTL007C-E2_13PD-13A. 

2
 S.D. = standard deviation. 
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Table 10: Optical density (O.D.600), glycerol consumption, and product concentration data for 

80-ml cultures of Clostridium sp. IBUN 158B strains (continued). 

Strain 
Culture 

Nr. 

Time 

(h) 
O.D.600 

Glycerol 

(mM) 

1,3-PD 

(mM) 

Ethanol 

(mM) 

Lactate 

(mM) 

Acetate 

(mM) 

Butyrate 

(mM) 

hydA-

mutant
1 1 

0 0.01 238 0 0 1.33 0 0 

8 0.01 239.94 0 0 1.31 0 0 

25 0.18 241.62 0 2.6 2.73 1.27 0 

72 0.63 197.59 20.22 1.78 5.9 1.93 4.38 

120 0.55 196.88 19.04 1.84 5.8 1.61 4.36 

hydA-

mutant 
2 

0 0.01 238.63 0 0 1.17 3.34 0 

8 0.01 242.31 0 0 2.78 0 0 

25 0.1 240.26 0 2.46 2.73 0.65 0 

72 0.39 202.8 16.17 1.94 4.31 3.72 2.48 

120 0.31 202.32 17.41 1.87 4.28 3.54 3.1 

hydA-

mutant 
3

 

0 0.01 244.43 0 0 0 4.51 0 

8 0.01 242.76 0 0 1.31 0 0 

25 0.14 242.8 0 2.44 2.65 0 0 

72 0.61 201.66 18.87 1.78 6.32 2.11 3.7 

120 0.6 200.29 19.33 1.78 6.02 1.69 3.7 

hydA-

mutant 
Average 

0 0.01 240.35 0 0 0.83 2.62 0 

8 0.01 241.67 0 0 1.8 0 0 

25 0.14 241.56 0 2.5 2.7 0.64 0 

72 0.55 200.68 18.42 1.83 5.51 2.59 3.52 

120 0.49 199.83 18.59 1.83 5.37 2.28 3.72 

hydA-

mutant 
S.D.

2 

0 0 3.54 0 0 0.73 2.34 0 

8 0 1.52 0 0 0.85 0 0 

25 0.04 1.27 0 0.09 0.05 0.64 0 

72 0.13 2.74 2.06 0.09 1.06 0.99 0.96 

120 0.16 2.75 1.04 0.05 0.95 1.09 0.63 

1
 hydA-mutant = hydA-420s::Ll.LtrB. 

2
 S.D. = standard deviation. 
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Table 10: Optical density (O.D.600), glycerol consumption, and product concentration data for 

80-ml cultures of Clostridium sp. IBUN 158B strains (continued). 

Strain 
Culture 

Nr. 

Time 

(h) 
O.D.600 

Glycerol 

(mM) 

1,3-PD 

(mM) 

Ethanol 

(mM) 

Lactate 

(mM) 

Acetate 

(mM) 

Butyrate 

(mM) 

ldhA-

mutant
1 1 

0 0.03 242.81 0 3.56 0 0 0 

8 0.1 241.4 0 3.5 0 0 0 

25 0.74 214.96 13.15 2.58 0 0 4.52 

72 1.96 139.43 59.97 1.82 2.58 8.33 10.97 

120 1.63 138.96 59.87 1.84 2.49 7.88 11.06 

ldhA-

mutant 
2 

0 0.04 240.76 0 4.94 0 0 0 

8 0.21 233.95 0 4.58 1.26 0 0 

25 0.58 226.1 9.4 3.78 0 1.68 3.67 

72 1.72 140.61 60.09 2.84 2.89 6.3 12.04 

120 1.86 140.15 59.83 6.4 2.66 5.84 11.89 

ldhA-

mutant 
3

 

0 0.01 242.55 0 2.76 0 0 0 

8 0.06 242.75 0 2.68 1.25 0 0 

25 1.22 196.43 24.3 3.89 0 2.21 6.74 

72 1.51 155.44 48.56 4.04 0 6.41 10.33 

120 1.58 132.48 64.69 4.12 1.97 7.31 12.58 

ldhA-

mutant 
Average 

0 0.03 242.04 0 3.75 0 0 0 

8 0.13 239.37 0 3.59 0.84 0 0 

25 0.85 212.5 15.62 3.42 0 1.3 4.98 

72 1.73 145.16 56.21 2.9 1.82 7.01 11.11 

120 1.69 137.2 61.46 4.12 2.37 7.01 11.84 

ldhA-

mutant 
S.D.

2 

0 0.02 1.12 0 1.1 0 0 0 

8 0.08 4.74 0 0.95 0.72 0 0 

25 0.34 14.99 7.75 0.73 0 1.15 1.59 

72 0.23 8.92 6.62 1.11 1.59 1.14 0.86 

120 0.15 4.13 2.79 2.28 0.36 1.05 0.76 

1
 ldhA-mutant = ldhA-508s::Ll.LtrB. 

2
 S.D. = standard deviation. 
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Table 10: Optical density (O.D.600), glycerol consumption, and product concentration data for 

80-ml cultures of Clostridium sp. IBUN 158B strains (continued). 

Strain 
Culture 

Nr. 

Time 

(h) 
O.D.600 

Glycerol 

(mM) 

1,3-PD 

(mM) 

Ethanol 

(mM) 

Lactate 

(mM) 

Acetate 

(mM) 

Butyrate 

(mM) 

hydA-

mutant 

[O.P.]
1 

1 

0 0.07 244.68 0 0 0 1.05 0 

8 0.24 246.74 0 0 2.79 2.92 0 

25 1.11 211.07 18.69 0 1.47 0 5.34 

72 1.4 179.59 38.79 0 0 2.82 9.8 

120 1.35 178.98 39.42 0 0 2.44 9.96 

hydA-

mutant 

[O.P.] 

2 

0 0.04 254.19 0 2.38 0.74 0.57 0 

8 0.22 279.13 0 2.54 2.6 2.46 0 

25 0.96 239.65 17.96 1.84 1.28 2.68 5.49 

72 1.46 195.23 46.24 0 1.02 3.24 11.91 

120 1.38 186.2 44.44 0 0.99 2.29 11.34 

hydA-

mutant 

[O.P.] 

3
 

0 0.02 275.98 0 1.79 0.79 1.52 0 

8 0.2 277.83 0 1.9 2.68 2.5 0 

25 1.19 214.74 21.89 1.29 0.95 2.83 6.18 

72 1.55 173.47 44.11 0 0.85 3.01 10.92 

120 1.35 178.08 44.91 0 0.89 2.06 11.15 

hydA-

mutant 

[O.P.] 

Average 

0 0.05 258.28 0 1.39 0.51 1.05 0 

8 0.22 267.9 0 1.48 2.69 2.63 0 

25 1.09 221.82 19.51 1.04 1.23 1.84 5.67 

72 1.47 182.76 43.05 0 0.62 3.02 10.88 

120 1.36 181.09 42.92 0 0.63 2.26 10.82 

hydA-

mutant 

[O.P.] 

S.D.
2 

0 0.03 16.05 0 1.24 0.44 0.48 0 

8 0.02 18.34 0 1.32 0.1 0.25 0 

25 0.11 15.55 2.09 0.94 0.26 1.59 0.45 

72 0.08 11.22 3.84 0 0.55 0.21 1.06 

120 0.02 4.45 3.04 0 0.55 0.19 0.75 

1
 hydA-mutant [O.P.] = hydA-420s::Ll.LtrB [pMTL007C-E2_13PD-13A]. 

2
 S.D. = standard deviation. 
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Table 10: Optical density (O.D.600), glycerol consumption, and product concentration data for 

80-ml cultures of Clostridium sp. IBUN 158B strains (continued). 

Strain 
Culture 

Nr. 

Time 

(h) 
O.D.600 

Glycerol 

(mM) 

1,3-PD 

(mM) 

Ethanol 

(mM) 

Lactate 

(mM) 

Acetate 

(mM) 

Butyrate 

(mM) 

ldhA-

mutant 

[O.P.]
1 

1 

0 0.04 257.87 0 4.59 0.8 1.57 0 

8 0.14 277.98 0 4.28 1.06 2.19 0 

25 0.49 226.39 8.58 3.5 0.76 1.42 3.34 

72 0.6 216.77 25.1 5.52 1.12 2.7 6.98 

120 0.94 166.85 46.83 5.59 0.99 3.03 11.39 

ldhA-

mutant 

[O.P.] 

2 

0 0.01 240.45 0 2.84 0.77 1.49 0 

8 0.16 243.29 0 2.61 0.95 2.1 0 

25 0.51 237.33 8.9 2.14 0.75 1.51 3.62 

72 0.8 177.55 39.61 3.87 0.95 3.24 9.85 

120 1 166.14 49.9 3.78 0.92 2.48 12.8 

ldhA-

mutant 

[O.P.] 

3
 

0 0.04 255.27 0 2.07 0.79 1.32 0 

8 0.09 252.66 0 1.93 1.03 1.94 0 

25 1.25 188.07 29.4 0 0 2.2 7.89 

72 1.34 167.21 45.49 0 0.95 2.24 12.01 

120 1.3 169.34 46.17 0 0.96 2.15 12.3 

ldhA-

mutant 

[O.P.] 

Average 

0 0.03 251.2 0 3.17 0.79 1.46 0 

8 0.13 257.98 0 2.94 1.01 2.08 0 

25 0.76 217.26 15.63 1.88 0.5 1.71 4.95 

72 0.91 187.18 36.73 3.13 1.01 2.73 9.61 

120 1.08 167.44 47.63 3.12 0.96 2.55 12.16 

ldhA-

mutant 

[O.P.] 

S.D.
2 

0 0.01 9.4 0 1.29 0.02 0.13 0 

8 0.04 17.95 0 1.21 0.06 0.13 0 

25 0.43 25.87 11.93 1.76 0.44 0.43 2.55 

72 0.38 26.14 10.49 2.83 0.1 0.5 2.52 

120 0.19 1.68 1.99 2.85 0.04 0.44 0.71 

1
 ldhA-mutant [O.P.] = ldhA-508s::Ll.LtrB [pMTL007C-E2_13PD-13A]. 

2
 S.D. = standard deviation. 
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