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V Summary

Summary

Propionibacteria have been used for a long time as dairy starter cultures mainly for the

production of Swiss-type cheese. The need for a transformation system for propionibacteria

has been expressed for quite a while. The improvement of genetic tools could help to make

propionibacteria more important in biotechnological applications, as preservatives and

producers of useful organic acids such as propionic and acetic acids. They could help to

increase the productivity of the strains, change their nutrient requirements and confer

resistance to phages. The aim of this thesis was the establishment of a transformation system

for propionibacteria.

First of all, in order to gain a Propionibacterium-based replicon, the nucleotide sequence of

the widespread plasmid pLME106 from Propionibacterium jensenii DF1 was determined.

The sequence revealed 6868 basepairs (bp) and a G+C content of 65%. Ten open reading

frames were proposed. Plasmid pLME106 was found to replicate by the theta replication

system in which at least two open reading frames are involved, which revealed homology to

the replication proteins of plasmid pLIM from a Brevibacterium linens strain. The region of

the origin of replication was assumed to lay at least 500 bp upstream of the replication genes.

With ppnA, the gene of propionicin SM1, the first function proposed for a Propionibacterium

plasmid was detected on pLME106. High homology was also found for ORF6, which

exhibited 49% identity with an invertase encoded on a Rhodococcus plasmid. For most of the

remaining orfs, similarities to orfs of plasmids from Corynebacterium sp., Brevibacterium sp.,

Bifidobacterium sp., Rhodococcus sp. and Mycobacterium sp. were detected, all Gram-

positive bacteria of the high G+C branch of the class Actinobacteria.

Together with plasmid pLME108, a Propionibacterium freudenreichii plasmid studied earlier

in our laboratory, two interesting tools were at hand to fulfil the required task. When

constructing vectors, it is important not to impair the replication of the plasmid by destroying

the origin of replication. Therefore, the marker genes and the E. coli part were inserted at

various sites. In addition, the choice of the right selective marker proved to be very important.

The "low G+C" cat gene from Staphylococcus aureus and the rather "high G+C" tet(W) gene

from a Bifidobacterium strain were chosen for our first vector constructions but did not lead

to transformation of Propionibacterium and Corynebacterium. Finally, three effective and

stable Propionibacterium-E. coli shuttle vectors were constructed. All of them contain the

cmx(A) gene from Corynebacterium striatum plasmid pTP10 encoding a chloramphenicol

efflux protein. Vector pMPS1 originates from pLME106 and has a size of 8.2 kb, the vectors

pAMT1 and pAMT2 are 6.3 kb in size, and they are based on plasmid pLME108, which

replicates by the rolling circle replication mechanism. The greatest difficulty in transforming

P. freudenreichii freudenreichii DSM20271T was to overcome the restriction/modification

system of this strain. When vector DNA reisolated from Propionibacterium was used for the
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transformation, the transformation efficiency increased to 107-109� WUDQVIRUPDQWV� SHU� J� RI

DNA, whereas with DNA from E. coli only 100-103 transformants were obtained. The three

vectors were stably maintained in the Propionibacterium transformants, but obviously they

induced a decreased growth rate of the transformants on solid medium.

Another plasmid construction, pMPS9, which differed from pMPS1 only in the orientation of

the cmx(A) gene, was degenerated by the recipient strain. Still, chloramphenicol resistant

Propionibacterium transformants were obtained, but the plasmids had lost at least the E. coli

specific part. The examined degenerated plasmid pMPS9-D1 could be used as a

Propionibacterium vector only, but it did not prove to be stable. These studies showed that

the Propionibacterium replicon was functional in the Propionibacterium transformants but

not in E. coli. Deletion experiments with pMPS1 and pAMT1 led to the same conclusion.

During investigation on additional functions encoded on Propionibacterium plasmids, we

found that the orange or red colour of some P. jensenii strains could not be associated with the

presence of plasmids. On the other hand, the orange or red colour was positively connected

ZLWK�WKH�DELOLW\�RI� ±KHPRO\VLV�RI�WKHVH�VWUDLQV�



VII Zusammenfassung

Zusammenfassung

In der Milchindustrie werden Propionsäurebakterien schon seit geraumer Zeit als

Starterkulturen eingesetzt, hauptsächlich bei der Produktion von Emmentaler Käse. Die

Forderung nach einem Gentransfersystem für diese Gattung von Bakterien wurde schon vor

einiger Zeit geäussert. Die Entwicklung eines solchen Systems könnte bewirken, dass

Propionsäurebakterien im Rahmen biotechnologischer Anwendungen eine wichtigere Rolle

bekommen, sei es als Produzenten von Propion- und Essigsäure, oder sie könnten auch selber

als Schutzkulturen direkt im Lebensmittel zum Einsatz kommen. Die Produktivität einzelner

Stämme könnte verbessert und ihre Ernährungsbedürfnisse verändert werden. Auch könnte

man ihnen eine Resistenz gegen Phagen verleihen. Das Ziel dieser Arbeit war, ein solches

Transformationssystem für Propionsäurebakterien zu entwickeln.

Als erster Schritt wurde die Nukleotidsequenz des weitverbreiteten Plasmids pLME106 aus

Propionibacterium jensenii DF1 bestimmt, mit dem Ziel, ein für Propionsäurebakterien

spezifisches Replikon zu erhalten. Die Länge der gesamten Sequenz von pLME106 beträgt

6868 Basenpaare (bp) und der G+C Gehalt ist 65%. Zehn offene Leseraster (ORF) wurden

identifiziert. Mindestens zwei ORFs sind an der Replikation beteiligt, welche Homologien zu

den Replikationsproteinen des Plasmids pLIM aus einem Brevibacterium linens Stamm

aufwiesen. Demnach ist ein Theta-Replikationssystem für die Replikation von pLME106

verantwortlich. Der Replikationsursprung wird mindestens 500 bp vor den Replikationsgenen

vermutet. Mit dem Gen ppnA, welches für Propionicin SM1 codiert, konnte die erste Funktion

auf einem Propionsäurebakterien-Plasmid identifiziert werden. Homologien wurden auch

gefunden von ORF6 zu einer Invertase, die auf einem Plasmid codiert ist, welches aus einem

Rhodococcus Stamm isoliert worden ist. Für die Mehrheit der übrigen Gene wurden

Ähnlichkeiten zu Genen auf Plasmiden aus Corynebacterium-, Brevibacterium-,

Rhodococcus- und Mycobacterium Stämmen entdeckt. All diese Bakteriengattungen gehören

zur Gruppe der Bakterien mit einem hohen G+C Gehalt der Klasse Actinobacteria.

Die Resultate von pLME106 und pLME108, einem Plasmid aus Propionibacterium

freudenreichii, welches in unserem Labor früher isoliert und untersucht worden war, boten

nun optimale Voraussetzungen, um die in dieser Arbeit gestellte Aufgabe erfüllen zu können.

Bei der Konstruktion von Vektoren wurde darauf geachtet, dass der Replikationsursprung

nicht beschädigt wurde, indem die Selektionsmarker sowie die E. coli-Vektoren an diversen

Stellen in die Propionibacterium Plasmide eingebaut wurden. Auch stellte sich die Wahl

eines geeigneten Selektionsmarkers als ausserordentlich wichtig heraus. Das cat Gen aus

Staphylococcus aureus mit einem tiefen G+C Gehalt, sowie das tet(W) Gen aus einem

Bifidobacterium Stamm mit einem höheren G+C Gehalt kamen bei unseren ersten Vektor-

Konstruktionen zum Einsatz. Die Transformation sowohl von Propionsäurebakterien als auch

von Corynebakterien funktionierte mit diesen Vektoren jedoch nicht. Schliesslich gelang es
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uns, drei effiziente und stabile Propionibacterium-E. coli Pendelvektoren zu konstruieren. Sie

alle enthalten als Selektionsmarker cmx(A), ein Gen von hohem G+C Gehalt, welches ein

Chloramphenicol-Efflux-Protein codiert und von Plasmid pTP10 aus Corynebacterium

striatum stammt. Der Vektor pMPS1 basiert auf Plasmid pLME106 und ist 8.2 kb gross. Die

Vektoren pAMT1 und pAMT2 sind beide 6.3 kb gross und basieren auf pLME108. Als

höchste Hürde, welche bei der Transformation von P. freudenreichii freudenreichii

DSM20271T zu meistern war, stellte sich das Restriktions- und Modifikationssystem dieses

Stammes heraus. Wenn aus E. coli isolierte Vektoren-DNA für die Transformation verwendet

wurde, so wurden 100-103�7UDQVIRUPDQWHQ�SUR� J�HLQJHVHW]WH�'1$�HUKDOWHQ��:XUGH�KLQJHJHQ

Vektoren-DNA eingesetzt, die aus einem Propionibacterium Transformanten stammte, so

wurden Transformationseffizienzen von 107-109� 7UDQVIRUPDQWHQ� SUR� J�'1$� HUUHLFKW��'LH

drei Vektoren waren stabil in den Propionibacterium Transformanten, aber offensichtlich

wurde die Wachstumsgeschwindigkeit der Transformanten auf festem Medium herabgesetzt.

Die Plasmid-Konstruktion pMPS9, welche sich von pMPS1 nur in Bezug auf die Orientierung

des cmx(A) Gens unterscheidet, wurde vom Empfängerstamm partiell abgebaut. Es wurden

zwar immer noch Chloramphenicol-resistente Propionibacterium Transformanten erhalten,

aber die degenerierten Plasmide hatten zumindest den E. coli spezifischen Anteil von pUC18

verloren. Das untersuchte Plasmid pMPS9-D1 konnte nur als Vektor für Propionibacterium

eingesetzt werden, war jedoch nicht sehr stabil. Diese Erkenntnis, sowie

Deletionsexperimente mit den erfolgreichen Vektoren pMPS1 und pAMT1 zeigten, dass die

Replikone der Propionibacterium Plasmide pLME106 und pLME108 in den

Propionibacterium-Transformanten repliziert wurden, nicht jedoch in E. coli.

Beim Versuch noch andere Funktionen zu entdecken, die auf Plasmiden aus

Propionisäurebakterien codiert sein könnten, konnten wir die rote oder orange Farbe von

einigen P. jensenii Stämmen nicht auf die Präsenz von Plasmiden zurückführen. Dafür

entdeckten wir, dass die rote oder orange Farbe dieser Stämme positiv im Zusammenhang mit

der Fähigkeit zur �+ämolyse stand.



1 Introduction

1 Introduction

1.1 Propionibacteria

1.1.1 History and taxonomy

In 1878, Fitz had made observations that organisms isolated from cheese would ferment

lactate to propionic and acetic acids and liberate carbon dioxide in the process (Fitz, 1878).

The first systematic investigations into the organisms responsible for the formation of "eyes"

in cheese were made by von Freudenreich and Orla-Jensen (1906). The name

Propionibacterium was suggested by Orla-Jensen (1909) because the organisms were

identified by the production of large amounts of propionic acid during growth.

The first strains which were classified in the genus Propionibacterium had all been isolated

from dairy products, especially from cheese. They are referred to as the "classical" or "dairy

propionibacteria". In the meantime, strains of the classical propionibacteria have also been

isolated from spoiled orange juice and olives, soil, silage, anaerobic sewage and from

nematodes recovered from the hind gut of a zebra as reviewed by Vorobjeva (1999). The

other group of strains, which had typically been isolated from the human skin, was named the

"cutaneous propionibacteria". Organisms of this group had also been isolated from the

mouth, the female genital tract and from faeces (Cummins and Johnson, 1992). In 1997,

Stackebrandt et al. classified the propionibacteria as part of the new class Actinobacteria.

Van Niel (1928) was the first to deal with the classification of the classical propionibacteria

in a systematic way and described eight different species. Today, the species which are

associated with this group are P. acidipropionici, P. freudenreichii, P. jensenii and P.

thoenii. Recently, the two new species P. cyclohexanicum and P. microaerophilum have been

described. P. cyclohexanicum had been isolated from spoiled orange juice (Kusano et al.,

1997) and P. microaerophilum from olive mill wastewater (Koussémon et al., 2001). It seems

that they are both non-pathogenic and are phylogenetically clustered with the group of the

classical propionibacteria. Therefore, these species are regarded as members of this group.

The species P. freudenreichii has been differentiated into P. freudenreichii ssp.

freudenreichii and P. freudenreichii ssp. shermanii on the basis of nitrate reduction (+: P.

freudenreichii freudenreichii) and lactose fermentation (+: P. freudenreichii shermanii)

(Cummins and Johnson, 1986). Rehberger and Glatz (1987 & 1990) reported the occurrence

of a putative plasmid-linked lactose utilisation in propionibacteria, an observation which

renders the second of the two distinctive factors obsolete. Dasen (1998) explained that based

on sequence analysis of the 16S-23S rDNA intergenic spacer regions of the P. freudenreichii

strains, no clear grouping into 2 subspecies could be justified.
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Based on 16S rDNA sequences, Dasen et al. (1998) calculated a phylogenetic tree of the

genus Propionibacterium on which the strains could be grouped in different clusters. The

classical species P. acidipropionici, P. jensenii and P. thoenii separate in three closely

related clusters, P. freudenreichii and P. cyclohexanicum in two clusters, as well closely

related to each other. Furthermore, the cutaneous species P. acnes, P. avidum and P.

propionicum were separated in three closer related clusters, whereas P. granulosum was

shown to form a different cluster between the classical and cutaneous groups. P.

lymphophilum was recognised as the most distant relative of the whole genus. Considering

possible applications of the classical propionibacteria, it was noticed with relief that species

of the classical and of the cutaneous propionibacteria had not been found to belong to the

same cluster.

Figure 1-1 shows the latest version of the phylogenetic tree, which was recently updated by

Dasen (personal communication). It is obvious, that P. acidipropionici is the closest

phylogenic relative of the recently discovered species P. microaerophilum.

Figure 1-1: Unrooted tree revealing the phylogenetic relationships among the genus Propionibacterium.
Reproduced with permission of G. Dasen.
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3 Introduction

1.1.2 Properties of propionibacteria and their applications

The propionibacteria are characterised as Gram-positive, non-sporeforming, non-motile,

facultatively anaerobic or aerotolerant, rodlike bacteria (Vorobjeva, 1999). Colonies can be

creamy, red, orange or brown. The G+C content of their DNA is in the range of 53-67%

(Cummins and Johnson, 1986), which places them in the high G+C group of bacteria (Olsen

et al., 1994). The G+C content of the classical propionibacteria ranges from 64-68%

(Cummins and Johnson, 1986).

The cell wall composition of P. freudenreichii and P. cyclohexanicum differs from the one of

the other classical propionibacteria as reviewed by Vorobjeva (1999). The main difference

lays in two different types of peptidoglycan. A number of strains of P. thoenii and P. jensenii

are encapsulated and representatives of other species produce extracellular slime. Capsule

material is made of polysaccharides. Slime capsules may protect the cell from bacteriophage

invasion or other deleterious agents (Vorobjeva, 1999).

The most characteristic and common property of the propionibacteria is the production of

propionic and acetic acid and carbon dioxide as main metabolites from lactic acid as

substrate according to the formula: 3 lactate = 2 propionate + acetate + CO2. Especially P.

freuden-reichii strains are important in the development of flavor during the ripening process

in the manufacture of Swiss cheese, like the Emmental variety. The CO2 formation is

responsible for the eyes of this kind of cheese, while the propionic and acetic acids provide a

specific nutty taste. The release of proline and other aminoacids is important for the

formation of the aroma of the cheese (Vorobjeva, 1999). In contrast, strains of the genus

Propionibacterium can also cause defects in cheeses, mainly anomalous blowing (Carcano et

al., 1995), whereas pigmented P. jensenii and P. thoenii strains are undesirable contaminants

causing the "brown spots" in the cheese body (Langsrud and Reinbold, 1973; Baer and Ryba,

1992; Fessler, 1997).

Propionibacteria are also of interest for the production of propionic acid and vitamin B12.

Due to their low growth rate, vitamin B12 is currently produced by faster-growing

Pseudomonas strains (Glatz, 1992). The total estimated world production of propionic acid in

1992 was about 100’000 tonnes (Boyaval and Corre, 1995). Propionic acid is commercially

produced for industrial uses by chemical synthesis from petrochemicals, including the

oxidation of propane, propionaldehyde and propanol, which makes the product very

vulnerable to sudden price fluctuations of propane and natural gas (Gu et al., 1999).

Propionic acid is also used as an antifungal agent. Because of its potency as a mold inhibitor,

propionic acid is a very effective preservative of high moisture grains and various food

products. Addition of the organisms themselves to a food or feed under conditions that allow

growth and acid production would provide natural preservative action (Glatz, 1992). Several
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research groups (Gu et al., 1999; Boyaval and Corre, 1995; Jain et al., 1991) have tried to

overcome the barriers which limit industrial production of propionic acid by fermentation,

such as the low and slow production caused by the low growth rate of propionibacteria and

their self-inhibition by the acid in the medium. The isolation of the propionic acid from dilute

solutions is another difficulty in the process.

Propionibacteria were also found to produce bacteriocins (Lyon and Glatz 1991 & 1993;

Grinstead and Barefoot 1992; Miescher, 1999; Miescher et al., 2000; Faye et al., 2000),

which have a great potential as natural preservatives (Glatz 1992). However, only if genetic

tools were improved, propionibacteria could play a greater role as preservatives and

producers of useful organic acids.

1.2 Prevalence of Propionibacterium plasmids

Naturally occurring plasmids are often used in vector constructions. It is necessary to study

them in order to make the prerequisites for the development of tools for genetic engineering

available.

The prevalence of Propionibacterium plasmids has already been reviewed twice (Vorobjeva,

1999; Van Luijk et al., in press).

Several research groups have screened dairy propionibacteria for the presence of plasmids.

The first were Rehberger and Glatz (1985; 1987; 1989; 1990), who found plasmids in P.

acidipropionici, P. freudenreichii and P. jensenii strains. Perez Chaia et al. (1988) reported 8

out of 30 Propionibacterium isolates from Swiss type cheese to harbour plasmids. Panon

(1988), who was the first who isolated a plasmid from a P. thoenii strain, described 20 out of

53 Propionibacterium strains harbouring plasmids. Gautier and Rouault (1990) found 4 out

of 50 strains having one plasmid. Fessler (Fessler, 1997; Fessler et al., 1999) examined 373

Propionibacterium isolates from rawmilk and found that 30% of the strains harboured

plasmids. At the Laboratory of Food Microbiology, ETH Zurich, 9% of the 357 examined

Propionibacterium strains harboured one or two plasmids (Dasen, 1998; Meile et al., 1999;

Miescher, 1999; Miescher et al., 2000; Dasen, 2001; Stierli, 2001). Jore et al. (2001;

personal communication N. van Luijk) found that 31 out of the 75 Propionibacterium strains

harboured plasmids.

Plasmids seem to be quite widespread among propionibacteria. In most studies, mainly P.

freudenreichii strains were screened for the presence of plasmids, since most of the isolates

from raw milk and cheese belong to this species. Small plasmids (<20 kb), which are suitable

for vector construction, were not found very often in propionibacteria.
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So far, the nucleotide sequences of four Propionibacterium plasmids have been determined

(table 1-1). Two of these plasmids, pRGO1 and pLME106, are identical.

Table 1-1: Properties of the four Propionibacterium plasmids so far sequenced.

Plasmid Origin Size G+C
content

Replication mode Reference

pLME108 P. freudenreichii DF2 2051 bp 64% rolling circle
replication

Dasen (1998)

pLME106 P. jensenii DF1 6868 bp 65% theta replication Miescher et al. (2000)

pRGO1 P. acidipropionici E214 6868 bp 65% theta replication Kiatpapan et al. (2000);
Rehberger and Glatz (1990)

p545 P. freudenreichii 16545 3555 bp 63% theta replication Jore et al. (2001)

The plasmids revealed G+C contents typical of Propionibacterium DNA (see above, 1.1.2).

Sequences analysis suggested that both types of replication modes which are present on

plasmids of Gram-positive bacteria were also present in propionibacteria. Apart from the

replication genes, the functions of only two more open reading frames (orfs) on pLME106 /

pRGO1 could be identified. The deduced amino acid sequence of orf3 on pRGO1 (orf6 on

pLME106) exhibited similarity to DNA invertases. Orf4 on pLME106 is the gene encoding

propionicin SM1 (Miescher, 1999; Miescher et al., 2000).

Apart from pLME106, the nucleotide sequence of pLME108 was also determined in our

laboratory (Dasen, 1998). It has been the smallest of all sequenced plasmids so far, and it was

assumed to replicate by the rolling circle replication mechanism.

Rehberger and Glatz (1987; 1989; 1990) proposed that two phenotypic characteristics of two

different Propionibacterium strains were linked to the presence of a plasmid. Lactose

fermentation was associated with plasmid pRGO3 in a P. freudenreichii strain, and a

clumping phenomenon was linked to plasmid pRGO5 in a strain of P. jensenii. No more

functions encoded on Propionibacterium plasmids have been identified so far by curing

propionibacteria from their plasmids (Stierli, 1998; Gautier and Rouault, 1990; Rehberger

and Glatz, 1990; Miescher et al., 2000).



Introduction 6

1.3 Transformation of propionibacteria by electroporation

The most widely used techniques for DNA transfer into Gram-positive bacteria are protoplast

transformation and electroporation (Gautier et al., 1995). The method of transformation by

electroporation has been successfully employed with a number of bacterial species (Chassy et

al., 1988). This technique is less tedious and time consuming than protoplast transformation

and has proven to be useful in species previously regarded as untransformable.

Electroporation by transformation of Propionibacterium protoplasts with pE194 encoding an

erythromycin resistance gene was attempted by Pai and Glatz (1987). They obtained

erythromycin-resistant strains, but the intact plasmid pE194 was never found in these strains.

In 1990, Woskow and Glatz reported the successful transformation of Propionibacterium

protoplasts by polyethylene glycol-induced transformation. Zirnstein and Rehberger (1991)

reported the transfer of plasmid pC194 from Staphylococcus aureus to propionibacteria using

an erythromycin resistance gene as a marker. The plasmid could not be reisolated from the

transformants, but the gene was detected in the genome by hybridisation analysis. However,

these three reports were all poster presentations not substantiated by full publications.

A publication by Luchansky et al. (1988) announced the successful electroporation of

propionibacteria, which was questioned by Dasen (1998). Gautier et al. (1995) published a

highly efficient protocol for the electrotransfection of Propionibacterium freudenreichii with

phage DNA. Dasen (1998) followed the strategy of this protocol in order to electroporate

propionibacteria with various plasmid constructs. None of these attempts revealed any

transformants.

However, it may have been due to unsuitable vector construction, electroporation protocols or

the choice of the wrong recipient strains that the first successful transformation of

propionibacteria by a Propionibacterium-E. coli shuttle vector had not been reported until

the year 2000 by Kiatpapan et al. This report was followed within short time by the

announcement of another successful transformation system for propionibacteria by Jore et al.

(2001).

Transformation of propionibacteria with vectors that did not originate from

Propionibacterium had failed (Dasen, 1998; Meile et al., 1999; Kiatpapan et al., 2000; Jore

et al., 2001). Therefore, for the first time shuttle vectors were constructed based on

Propionibacterium plasmid replicons (Kiatpapan et al., 2000; Jore et al., 2001). The choice

of a suitable selective marker also proved to be important. Kiatpapan et al. (2000) obtained

transformants when the "high G+C" gene hygB from Streptomyces hygroscopicus had been

inserted into their vector pPK705, a gene encoding a hygromycin efflux protein. With

erythromycin- and chloramphenicol resistance genes, whose origins were unfortunately not
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further described, no transformants were obtained. Jore et al. (2001) were successful when

the "high G+C" resistance genes ery from Saccharopolyspora erythreae, a gene encoding a

methyltransferase confering resistance to erythromycin, and cml from Corynebacterium

striatum, a gene encoding a chloramphenicol efflux protein, had been ligated to the

pBRESP36 series of vectors.

It was surprising that as a selective marker for their vector, Jore et al. (2001) had chosen a

gene encoding a methyltransferase confering erythromycin resistance to the host. Ross et al.

(1997) showed that a single mutation in 23S rDNA led to resistance to erythromycin in

cutaneous propionibacteria. Dasen (1998) had also described the growth of colonies of a

Propionibacterium freudenreichii strain on selective solid medium containing erythromycin,

possibly due to spontaneous mutations. Therefore he assumed the uselessness of an

erythromycin resistance gene as a marker.

The methods applied in the two studies to prepare the Propionibacterium cells for the

transformation were not identical (Kiatpapan et al., 2000; Jore et al., 2001). Both research

groups harvested the cells in the early exponential growth phase. Subsequently, Kiatpapan et

al. (2000) washed the cells with HEPES buffer and finally suspended them in 10% glycerol

as electroporation buffer. Best transformation efficiencies were achieved with an electric field

strength of 6.0 kV/cm, 25 µF and� ���� �� Jore et al. (2001) adapted their protocol to

transform bifidobacteria (Argnani et al., 1996) for the transformation of propionibacteria.

The cells were washed with 0.5 M sucrose. This step is quite widely used for the preparation

of Gram-positive bacteria (Holo and Nes, 1989; Dunny et al., 1991). The last of several

washing steps was performed with buffered 0.5 M sucrose solution (potassium acetate, pH

5.5), which also was the electroporation buffer. Electroporation parameters were the

followings: 20 kV/cm, 25 µF DQG����� �

Kiatpapan et al. (2000) succeeded in transforming 5 different P. freudenreichii strains and

one P. pentosaceum strain. This last species’ name is no longer valid (Vorobjeva, 1999).

Several P. pentosaceum strains have been reclassified as P. acidipropionici. Jore et al.

(2001) failed to transform P. acidipropionici, P. jensenii and P. thoenii strains but also

successfully transformed 3 P. freudenreichii strains. One of the proposed reasons for the

narrow host range of these vectors was the occurrence of strong restriction/modification

systems in propionibacteria. When vector DNA reisolated from a Propionibacterium

transformant was used instead of E. coli DNA, the transformation efficiency was augmented

by 103- up to 108-fold. Such observations were reported by both research groups.

The pPK705 vector from Kiatpapan et al. (2000) was subsequently used for the construction

of expression vectors. Cloning of the 5-aminolevulinic acid synthase gene (hemA) from
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Rhodobacter sphaeroides into these expression vectors resulted in successful overproduction

of 5-aminolevulinic acid (Kiatpapan and Murooka, 2001).

1.3.1 Methylation of DNA and its influence on the transformation of bacteria

In eukaryotes DNA methylation is primarily a means of the control of gene expression,

whereas in prokaryotes DNA methylation affects diverse phenomena. Among the prokaryotes

the most widely distributed and abundant kind of methylation is that associated with

restriction/modification systems of bacteria. Their presence in bacteria causes a "restriction"

of propagation of phages and of other "incoming" DNA. Restriction/modification systems

include two sequence-specific enzymatic activities: a restriction endonuclease and a

modification methyltransferase which recognise the same target site. The methylation-based

modification interferes with restriction. It serves to protect the chromosomal DNA of the

bacterium against self restriction. On the other hand, methylation can also provide a signal

eliciting restriction. Endonucleases acting on methylated DNA are solitary enzymes (Noyer-

Weidner and Trautner, 1993).

Both Kiatpapan et al. (2000) and Jore et al. (2001) suggested the presence of

restriction/modification systems in propionibacteria due to the increase of the transformation

rate when propionibacteria were transformed with DNA isolated from a Propionibacterium

transformant. Jore et al. (2001) further reported that no type II restriction enzymes were

present in one of the P. freudenreichii host strains used. There has been other evidence for

the existence of restriction/modification systems in propionibacteria. Rehberger and Glatz

(1990) reported that plasmid pRGO1 was not restricted by the restriction endonuclease CfoI

(GCG*C), which should have 43 recognition sites on this plasmid (Kiatpapan et al., 2000;

Miescher et al., 2000). In addition, PstI did not restrict pRGO1 as well, which is known to

have one recognition site on it.

However, an observation by N. van Luijk (personal communication) suggested the existence

of a methyl-specific restriction system in propionibacteria as it has been described for several

strains of bacteria of the high G+C branch (MacNeil, 1988; Vertès et al., 1993a & 1993b;

Ankri et al., 1996a & 1996b).
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1.4 Characterisation of genes from propionibacteria

Despite the fact that the classical propionibacteria are industrially important, only a small

number of their genes have been sequenced. The reason may be the lack of a suitable gene

transfer system for these bacteria. In addition, the high G+C content in their DNA enables the

formation of stemloops in the DNA, which makes the sequencing of the DNA difficult.

The Propionibacterium protein-encoding genes published in public databases, to which a

function has been assigned based either on homology to other, functional genes or on a

functional analysis of the Propionibacterium gene, have been compiled recently (Van Luijk

et al., in press). Mostly, genes coding for enzymes involved in the peculiar physiology of

Propionibacterium have been sequenced, such as a phosphofructokinase, enzymes involved

in propionic acid fermentation, siroheme formation and vitamin B12 synthesis. Two genes

encoding propionicins, which are unique to propionibacteria, have been published as well:

ppnA of propionicin SM1 (Miescher et al., 2000) and pctA encoding propionicin T1 (Faye et

al., 2000). The Rep proteins encoded by Propionibacterium genes have already been

mentioned in the context of plasmid replication (1.2) and are furthermore subject of this

thesis.

Many Propionibacterium sequences in public databases represent the 16S, 23S and 5S

ribosomal RNA genes and intergenic spacer regions from the different Propionibacterium

species. This interest in ribosomal RNA sequences is due to the fact that comparisons of 16S

rRNA genes are reliable taxonomical tools for species differentiation (Rossi et al., 1997;

Dasen, 1998; Dasen et al., 1998).

1.5 The genome of propionibacteria

At the 3rd International Symposium on Propionibacteria (2001) in Zurich, Switzerland, the

two Dutch companies DSM Food Specialities and Friesland Coberco Dairy Foods announced

that they had successfully sequenced the complete 2.6-megabasepair genome of

Propionibacterium freudenreichii freudenreichii DSM20271T. The size of the genome is in

agreement with the proposed size of 2.3 to 3.2 megabasepairs for classical propionibacteria

by Gautier et al. (1992). P. freudenreichii freudenreichii DSM20271T was used as a recipient

strain for transformation by electroporation in this thesis and is therefore of special interest.

The data have not been made available so far on public databases.
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1.6 Aim of the thesis

The aim of this thesis was the development of Propionibacterium-E. coli shuttle vectors

based on well characterised indigenous Propionibacterium plasmids (pLME106, pLME108)

and on E. coli plasmids (pGEM-5Zf[+], pUC18).
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2 Material and methods

2.1 Bacterial strains and growth conditions

All bacterial strains used in this study are listed in table 2−1. Propionibacterium strains were
inoculated aerobically and grown under anaerobic conditions in SLB medium that consisted
of 1% trypticase soy broth without dextrose (Becton Dickinson), 1% yeast extract (Becton
Dickinson) and 1% sodium lactate syrup (60%; Sigma) as described by Grinstead and
Barefoot (1992).

Media for other bacteria were prepared as followed: CB (Corynebacterium broth) medium
consisted of 1% trypticase peptone, 0.5% yeast extract, 0.5% glucose and 0.5% NaCl. LB
(Luria Bertani) medium (Sambrook et al., 1989) contained 1% trypticase peptone, 0.5% yeast
extract and 0.5% NaCl and GM17 medium consisted of M17 broth (Terzaghi and Sandine,
1975) with 0.5% glucose.

Growth conditions for bacterial strains are shown in table 2−1. Anaerobic conditions were
achieved using gas tight McCartney tubes or serum flasks for broth cultures and anaerobic
jars (Oxoid) containing the Anaerocult A System (Merck) for agar plates, respectively.

All media were prepared with distilled water and sterilised by autoclaving at 121°C for 15
min. Solid media contained 1.8% agar (Oxoid).

A stock of all strains was kept at –80°C in the appropriate liquid medium containing 33%
glycerol.
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Table 2-1: Bacterial strains used in this study.

Strains Growth
parameters(a)

Source or reference (b)

Propionibacterium strains
Propionibacterium acidipropionici DSM20272 SLB/30°C/aa DSM
Propionibacterium freudenreichii ssp. freudenreichii
DSM20271T

SLB/30°C/aa DSM

Propionibacterium freudenreichii ssp. shermanii DF2 SLB/30°C/aa LME; Dasen, 1998
Propionibacterium jensenii DSM20535T SLB/30°C/aa DSM
Propionibacterium jensenii DSM20274 SLB/30°C/aa DSM
Propionibacterium jensenii DSM20278 SLB/30°C/aa DSM
Propionibacterium jensenii DSM20279 SLB/30°C/aa DSM
Propionibacterium jensenii NCIMB8899 SLB/30°C/aa NCIMB
Propionibacterium jensenii DF1 SLB/30°C/aa LME; Miescher et al., 2000
Propionibacterium jensenii DF3 SLB/30°C/aa LME; Dasen, 1998
Propionibacterium jensenii DF4 SLB/30°C/aa LME; Miescher et al., 2000
Propionibacterium jensenii DF8 SLB/30°C/aa LME; Miescher et al., 2000
Propionibacterium jensenii DF9 SLB/30°C/aa LME; Miescher et al., 2000
Propionibacterium jensenii DF10 SLB/30°C/aa LME; Miescher et al., 2000
Propionibacterium thoenii DSM20276T SLB/30°C/aa DSM
Propionibacterium thoenii DSM20275 SLB/30°C/aa DSM
Propionibacterium thoenii DSM20277 SLB/30°C/aa DSM
Propionibacterium thoenii NCIMB8902 SLB/30°C/aa NCIMB
Propionibacterium cyclohexanicum IAM14535T SLB/30°C/aa IAM
Propionibacterium sp. NCIMB8905 SLB/30°C/aa NCIMB
Propionibacterium sp. MS47 SLB/30°C/aa LME; Miescher, 1999

Other Gram-positive strains
Bacillus subtilis 168 LB/30°C/a LME
Corynebacterium glutamicum ATCC13032 CB/30°C/a ATCC
Lactococcus lactis MG1363 GM17/30°C/a Gasson, 1983

Gram-negative strains
Epicurian coli® XL1-Blue LB/37°C/a Stratagene
Escherichia coli XL1-Blue LB/37°C/a Bullock et al., 1987
Escherichia coli JM109 LB/37°C/a Promega
Escherichia coli JM110 LB/37°C/a Stratagene
Escherichia coli DH5αMCR LB/37°C/a Grant et al., 1990

(a) CB, GM17, LB, SLB see text (2.1) for explanation; a: aerobic incubation, aa: anaerobic incubation
(b) ATCC: American Type Culture Collection, Manassas, USA

DSM: Deutsche Sammlung für Mikroorganismen und Zellkulturen, Braunschweig, Germany
IAM: Institute of Molecular and Cellular Biosciences, University of Tokyo, Japan
LME: Labor für Lebensmittelmikrobiologie, ETH Zurich, Switzerland
NCIMB: National Collections of Industrial and Marine Bacteria Ltd., Aberdeen, United Kingdom
Promega: Promega Corporation, Madison, USA
Stratagene: Stratagene, La Jolla, USA

T type strain
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2.2 Plasmids

All plasmids used in this study are listed in table 2-2.

Table 2-2: Plasmids used in this study.

Plasmid Relevant characteristics Reference

pGEM-5Zf(+) Apr, LacZ', 3.0-kb cloning vector Promega, Madison, USA
pUC18 Apr, LacZ', 2.7-kb cloning vector Yanisch-Perron et al., 1985
pLME106 6.9-kb plasmid of P. jensenii DF1 Stierli, 1998
pLME107 25-30-kb plasmid of P. jensenii DF1 Stierli, 1998
pLME108 2.1-kb plasmid of P. freudenreichii ssp. shermanii DF2 Dasen, 1998
pLME110 30-40-kb plasmid of P. thoenii NCIMB8902 Guldimann, 1998
pLME111 6.9-kb plasmid of P. thoenii NCIMB8902 Guldimann, 1998
pLME121 6.9-kb plasmid of P. jensenii DF4 Miescher et al., 2000
pLME122 6.9-kb plasmid of P. jensenii DF8 Miescher et al., 2000
pLME122B 30-50-kb plasmid of P. jensenii DF8 This study
pLME123 6.9-kb plasmid of P. jensenii DF9 Miescher et al., 2000
pLME124 6.9-kb plasmid of P. jensenii DF10 Miescher et al., 2000
pLME124B 20-25-kb plasmid of P. jensenii DF10 This study
pRGO1 6.9-kb plasmid of P. acidipropionici DSM20272 Rehberger and Glatz, 1990
pLME112 Apr, 1.62-kb HincII-HincII fragment from pLME106 in

pUC18
Stierli, 1998

pLME126 Apr, 3.19-kb HincII-HincII fragment from pLME106 in
pGEM-5Zf(+)

Miescher et al., 2000

pLME127 Apr, 0.93-kb ApaI-ApaI fragment from pLME106 in
pGEM-5Zf(+)

Miescher et al., 2000

pLME128 Apr, 0.64-kb ApaI-ApaI fragment from pLME106 in
pGEM-5Zf(+)

Miescher et al., 2000

pLME129 Apr, 1.47-kb ApaI-ApaI fragment from pLME106 in
pGEM-5Zf(+)

Miescher et al., 2000

pLME130 Apr, 1.78-kb SacI-SacI fragment from pLME106 in
pGEM-5Zf(+)

Miescher et al., 2000

pLME131 Apr, 5.09-kb SacI-SacI fragment from pLME106 in
pGEM-5Zf(+)

Miescher et al., 2000

pLME134 Apr, pLME106::pGEM-5Zf(+) (SacII-SacII) This study
pLME135 Apr, pLME106::pGEM-5Zf(+) (SacII-SacII) This study
pLME136 Apr, Tetr, 2.1-kb PCR product of primers blutet1 and

tetblub and pGHost9-tet(W) DNA in pLME135 (HpaI),
carrying the complete tet(W) gene from a
Bifidobacterium strain

This study

pLME137 Apr, Cmr, 1.0-kb PCR product of primers catblu1 and
catblu2 and pC194 DNA in pLME135 (HpaI), carrying
the complete cat gene of pC194 from Staphylococcus
aureus

This study

pLME138 Apr, Cmr, 1.0-kb PCR product of primers catblu1 and
catblu2 and pC194 DNA in pLME134 (HpaI), carrying
the complete cat gene of pC194 from Staphylococcus
aureus

This study
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Table 2-2 (continued)

Plasmid Relevant characteristics Reference

pLME139 Apr, Tetr, pLME106::pGEM-5Zf(+) (XhoI-SalI), 2.1-kb
PCR product of primers blutet1 and tetblub and
pGHost9-tet(W) DNA in pLME135 (HpaI), carrying the
complete tet(W) gene from a Bifidobacterium strain

This study

pLME140 Apr, Tetr, pLME106::pGEM-5Zf(+) (XhoI-SalI), 2.1-kb
PCR product of primers blutet1 and tetblub and
pGHost9-tet(W) DNA in pLME135 (HpaI), carrying the
complete tet(W) gene from a Bifidobacterium strain

This study

pLME142 Apr, Tetr, pLME140, lacking the 1640-bp NheI-NheI
fragment of pLME106 (NheI-self ligation)

This study

pLME143 Apr, 5793-bp EcoRI-BamHI fragment of pLME106 in
pUC18

This study

pLME144 Apr, pLME143, lacking the 1640-bp NheI-NheI
fragment of pLME106 (NheI-self ligation)

This study

pMPS1 Apr, Cmr, 1.5-kb PCR product of primers cmx1 and
cmx2 and pEC60 DNA in pLME144 (StuI), carrying the
complete cmx(A) and cml(A) genes from
Corynebacterium striatum plasmid pTP10

This study

pMPS1-D1 Cmr, pMPS1 lacking the 2.4-kb PvuII-PvuII fragment of
pUC18

This study

pMPS9 Apr, Cmr, 1.5-kb PCR product of primers cmx1 and
cmx2 and pEC60 DNA in pLME144 (StuI), carrying the
complete cmx(A) and cml(A) genes from
Corynebacterium striatum plasmid pTP10

This study

pMPS9-D1 Cmr, degenerated plasmid of pMPS9, lacking pUC18,
orf8 of pLME106 and a part of the cml(A) gene

Theiler, 2001

pAMT1-V Apr, Cmr, 1.5-kb PCR product of primers cmx1 and
cmx2 and pEC60 DNA in pUC18, carrying the
complete cmx(A) and cml(A) genes from
Corynebacterium striatum plasmid pTP10

Theiler, 2001

pAMT2-V Apr, Cmr, 1.5-kb PCR product of primers cmx1 and
cmx2 and pEC60 DNA in pUC18, carrying the
complete cmx(A) and cml(A) genes from
Corynebacterium striatum plasmid pTP10

Theiler, 2001

pAMT1 Apr, Cmr, pLME108::pAMT1-V (XhoI-SalI) Theiler, 2001
pAMT1-D1 Cmr, pAMT1 lacking the 2.3-kb AsnI-NdeI fragment of

pUC18
Theiler, 2001

pAMT2 Apr, Cmr, pLME108::pAMT2-V (XhoI-SalI) Theiler, 2001
pC194 Cmr, 2.9-kb R-plasmid from Staphylococcus aureus,

carrying the cat gene, capable of replication in Bacillus
subtilis

Horinouchi and Weisblum, 1982

pGHost9-
tet(W)

Tetr, 2.1-kb PstI-PstI fragment in pGHost9, carrying the
complete tet(W) gene of a Bifidobacterium strain

Christian Hansen AIS,
Horsholm, Denmark

pEC60 Kmr, Cmr, pK18mob, carrying a BglII-HindIII fragment
containing the cmx(A) and cml(A) genes of
Corynebacterium striatum R-plasmid pTP10

Tauch et al., 1998

pBRESP36B2 Apr, Ermr, P. freudenreichii–E. coli shuttle vector Jore et al., 2001
pEC-K18mob2 Kmr, Corynebacterium glutamicum-E. coli shuttle

vector
A. Tauch (unpublished)

Abbreviations: Apr, ampicillin resistance; Cmr, chloramphenicol resistance; Ermr, erythromycin resistance; Kmr, kanamycin resistance; Tetr,
tetracycline resistance.
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2.3 DNA Techniques

2.3.1 Methods of DNA isolation and gel electrophoresis

2.3.1.1 Small scale plasmid DNA isolation from propionibacteria and corynebacteria

Prior to preparation, the cultures were grown for 2 to 3 days in 8 ml SLB or CB broth as
previously described (2.1). Plasmid DNA from propionibacteria and corynebacteria was
isolated using the method of Frère (1994).

2.3.1.2 Large scale plasmid DNA isolation from propionibacteria

The cultures were grown for 3 days in 200 ml SLB broth as described (2.1). Large scale
plasmid isolation from propionibacteria was performed with the Nucleobond AX 500 Kit as
recommended by the manufacturer (Macherey-Nagel) and an additional incubation with 10
mg/ml lysozyme and 30 U/ml mutanolysin at 37°C for 30 min.

2.3.1.3 Small scale plasmid DNA isolation from Escherichia coli

Small scale plasmid DNA isolation from E. coli was performed following a modified
procedure of Holmes and Quigley (1981).

10 ml of LB broth containing appropriate antibiotics were inoculated with a single E. coli
colony and grown aerobically overnight at 37°C in McCartney tubes. Cells from 1 ml were
harvested by centrifugation (20'000x g, 3 min) and the resulting pellet was resuspended in 100
µl autoclaved STETL-solution (8% sucrose, 0.5% Triton X-100, 50 mM Tris HCl [pH 8.0],
50 mM EDTA) containing 0.5 mg/ml lysozyme. This solution was held on ice for 15 min and
left for another 45 sec in boiling water. 1 µl RNase A (10 mg/ml) was added and after
centrifugation at 20'000x g for 10 min the pellet was removed with a tooth pick. Remaining
plasmid DNA was precipitated by adding 110 µl isopropanol, centrifuged (20'000x g, 15 min,
4°C) and the supernatant was removed. The pellet was dried (Speed Vac, Savant) and
dissolved in 25 µl bidistilled, autoclaved water.

2.3.1.4 Large scale plasmid DNA isolation from Escherichia coli

Large scale plasmid DNA isolation from E. coli was performed using the Wizard™ Plus
Midipreps DNA Purification System (Promega) according to the manufacturer's instructions.

2.3.1.5 Agarose gel electrophoresis

DNA was analysed in 1% horizontal agarose gels in TAE buffer, pH 8.0, (Sambrook et al.,
1989). KiloBase DNA marker (Amersham Pharmacia Biotech) was used for sizing double-
stranded DNA fragments and a supercoiled DNA ladder (Promega) as reference size marker
for covalently closed circular (ccc) forms of plasmids. Prior to electrophoresis, DNA was
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mixed with sixfold concentrated loading buffer (0.33% glycerol, 0.07% bromphenolblue).
Electrophoresis was performed in TAE buffer at a constant voltage of 100 V (Gel
Electrophoresis Apparatus GNA 100, Amersham Pharmacia Biotech). The agarose gels were
then stained in a 5 µg/ml ethidium bromide solution for 10 min and washed in distilled water
for 10 min to remove the surplus of ethidium bromide. The DNA in the agarose gels was
visualised using ultraviolet light at a wavelength of 302 nm and then photographed
(AlphaImager 2000, Alpha Innotech).

2.3.2 Methods of DNA purification

2.3.2.1 Isolation and purification of DNA- and PCR fragments from agarose gels

DNA- or PCR fragments were separated in a 0.8% low-melting-point agarose gel (Gibco
BRL) in TAE buffer. Gel electrophoresis was performed in TAE buffer at a constant voltage
of 70 V and the gels then stained as previously described (2.3.1.5). The DNA fragment of
interest was cut out and melted in a water bath (65°C, 10 min), then one volume of preheated
autoclaved, bidistilled water was added. 1 volume of phenol was added and the solution was
mixed on a "Vortex" shaker for 10 sec. The aqueous phase was regained by centrifugation
(20'000x g, 5 min) and extracted with 1 volume of methylene chloride/isoamyl alcohol (24:1,
v/v). The DNA containing aqueous phase was mixed with 1 volume of isopropanol and 1/10
volume of 3M sodium acetate (pH 4.8). DNA was precipitated for 15 min at room
temperature. After centrifugation at 4°C (20'000x g, 20 min) the DNA pellet was washed with
70% ethanol at –20°C, dried and dissolved in 20 µl autoclaved bidistilled water.

2.3.2.2 Purification of DNA- and PCR fragments after a restriction enzyme digest or alkaline
phosphatase treatment

After a restriction enzyme digest or an alkaline phosphatase treatment, enzymes and salts
were separated from DNA by using the Qiaex Gel Extraction Kit according to the
manufacturer's instructions (Qiagen, Kontron, Switzerland).

2.3.3 Quantification of DNA

Amounts of DNA ranging from 20 to 150 ng were quantified by gel electrophoresis of the
sample together with defined amounts of λ-DNA (Gibco) followed by densitometric analyses
with the digital imaging system (AlphaImager 2000, Alpha Innotech).
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2.3.4 Restriction endonuclease digests of DNA

Restriction endonuclease digests were performed as described by the manufacturers
(Amersham Pharmacia Biotech or Roche), always using the buffer system as recommended
by the manufacturer. Digests were analysed by gel electrophoresis (2.3.1.5).

2.3.5 Hybridisation techniques

2.3.5.1 Southern blotting

DNA was transferred from agarose gels to Nylon Plus membranes (PerkinElmer™ Life
Sciences) according to the method of Southern (Sambrook et al., 1989) using 0.4 N NaOH as
transfer solution and a vacuum blotting equipment (Biometra). DNA was fixed to the
membrane by incubation at 80°C for 30 min.

2.3.5.2 Random primed labelling of DNA fragments with [α-32P]dATP

50-300 ng of the respective DNA fragment were labelled in a final volume of 25 µl with
radioactive [α-32P]dATP (3000Ci/mmol, PerkinElmer™ Life Sciences) according to the
random priming technique of Feinberg and Vogelstein (1983). To remove surplus
radioactivity, the probe was purified using a NICK-column (Amersham Pharmacia Biotech)
according to the manufacturer's instructions. Prior its use as a probe, the DNA was denatured
for 5 min at 95°C and kept on ice.

2.3.5.3 Colony hybridisation

Nylon membranes (PerkinElmer™ Life Sciences) were sterilised by UV-irradiation (302 nm,
10 min each side) and placed on petri dishes with suitable growth medium. Using autoclaved
toothpicks, single colonies were transferred to the membrane. After incubation, the membrane
was placed with the colony side upwards on a 3MM paper (Whatman) soaked with lysis
solution (10 mM Tris [pH 7.5], 0.25 M sucrose, 5 mg/ml lysozyme) and incubated for 1 h at
37°C. For propionibacteria, 30 U/ml mutanolysin (Sigma) were added to the lysis solution.
After the cell-lysis step, the membrane was placed on a 3 MM paper soaked with denaturation
solution ( 0.5 M NaOH, 1 M NaCl). After 4 min at room temperature, the membrane was
transferred to a fresh 3MM paper soaked with 1 M Tris (pH 8.0) for 4 min. A fresh 3MM
paper was soaked with 2x SSC (pH 7.0) and the membrane placed there for another 4 min.
The membrane was kept for 2 h at 80°C to fix the released DNA and afterwards stored air
tight and light-protected at –20°C.
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2.3.5.4 Hybridisation with DNA probes

Membranes were incubated in a Micro-4 oven (Hybaid) at hybridisation temperature (65°C
for large DNA probes) with 30 ml prehybridisation solution (5x SSC, 5x Denhardts, 0.25
mg/ml DNA from herring sperm [Roche], 0.05 M sodiumphosphate buffer pH 6.5). After 3
hours, the prehybridisation solution was discarded and 30 ml of hybridisation solution (5x
SSC, 1x Denhardts, 0.5 mg/ml sssDNA, 0.04 M sodiumphosphate butter pH 6.5), containing
the labelled probe (50-300 ng DNA), were added.

Membranes which had absorbed radioactive probes were washed four times for 30 min in 2x
SSC with 0.1% SDS at hybridisation temperature. The wet membranes were sealed into
plastic bags and labelled bands were visualised on X-ray films (Fuji RX, Fuji Photo Films Co
LTD, Japan).

2.3.6 Polymerase chain reaction

All oligonucleotide primers were synthesised by Microsynth (Balgach, Switzerland) and are
listed in table 2-3.
Target DNA was amplified in 0.2 ml thin-walled tubes using thermocyclers equipped with
heated lids (Personal Cycler, Biometra). A standard 50-µl reaction mixture contained 0.2 mM
each of dATP, dCTP, dGTP, dTTP (Amersham Pharmacia Biotech), 2.5 Units Pwo DNA
Polymerase (Roche), 5 µl 10x PCR buffer containing 2.0 mM MgSO4 (Roche), autoclaved
bidistilled water, desired primers (2 µM) and template DNA (1 µl cells of an overnight culture
of any probed bacterial species or 100-200 ng of isolated DNA).
After an initial heating for 5 min at 95°C, the reaction mixture was run through 40 cycles of
denaturation for 20 sec at 95°C, annealing for 35 sec and elongation at 72°C. Whereas the
annealing temperature (TA) was calculated using a simple formula (TA = [no. of GC] x 4°C +
[no. of AT] x 2°C – 5°C) and the elongation time was 1 min per 1 kb of amplicon size.

Table 2-3: Synthetic oligonucleotides used for PCR.

Name Sequence (5'-3') Target Reference

blutet1 CTGCAGCTTAGTTTTTTGTACC complete tet(W), universe this study

tetblub GCAAGACGTTACATTATCTTCTG complete tet(W), reverse this study

catblu1 GGTAACTAGCCTCGCCGGCAATAG complete cat, universe this study

catblu2 CTAACGGGGCAGGTTAGTGACATTAG complete cat, reverse this study

cmx1 GATGGGTCATCAATTGGCCTC complete cmx(A) and cml(A), universe this study

cmx2 CGTCACACCCGAACATGTCG complete cmx(A) and cml(A), reverse this study
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2.3.7 Ligation

2.3.7.1 Ligation of DNA

Insert DNA and vector DNA were digested with the appropriate restriction enzymes,
separated by low-melting-point agarose gel electrophoresis and purified (2.3.2.1). Digested
insert DNA and vector DNA were mixed (ratio 1:5, vector/insert) and reduced by vacuum
centrifugation to a maximum volume of 13 µl. Then 2 µl of 10x One Phor All Buffer PLUS
(Amersham Pharmacia Biotech), 2 µl of 10x BSA (New England Biolabs), 2 µl ATP (10 mM,
Sigma) and 1 µl bacteriophage T4 DNA ligase (1 U/µl) were added. The ligation mixture was
incubated overnight at 16°C and the reaction was stopped by heat treatment for 10 min at
70°C and kept on ice.

2.3.7.2 Alkaline phosphatase treatment of the vectors pUC18 and pGEM-5Zf(+)

Autoclaved bidistilled water and the appropriate amount of One Phor All Buffer PLUS
(Amersham Pharmacia Biotech) were added to the restriction digest mixture containing 100-
200 ng DNA. 1 U calf intestinal phosphatase (CIP) (Amersham Pharmacia Biotech) was
added and then incubated for 1 h at 37°C. CIP was removed using the Qiaex Extraction Kit
(2.3.2.2). This treatment was not carried out in case PCR products, amplified by Pwo DNA
polymerase, had to be inserted into the vector.

2.3.8 Cloning and sequencing of plasmid pLME106

2.3.8.1 Cloning of plasmid pLME106

The gel purified DNA (2.3.2.1) was either digested with HincII and ligated to pUC18
(linearized with SmaI) or digested with ApaI or SacI and ligated to pGEM-5Zf(+) (2.3.7.1).
The fragments were of a size of 0.6-5.1 kb (table 2-2). The recombinant plasmids were used
to transform electrocompetent E. coli XL1-Blue cells. Plasmid DNA of the selected
transformants was isolated and subjected to gel electrophoresis as a first examination step. In
addition, the DNA was transferred to Nylon Plus membranes (2.3.5.1) and probed with the
radiolabelled pLME106 (2.3.5.4).

2.3.8.2 Sequencing of plasmid pLME106

Nucleotide sequencing of both strands from cloned DNA was performed by the dideoxy-chain
termination method (Sanger et al., 1977) using the Cy5 AutoRead Sequencing Kit and an
ALFexpress™ DNA sequencer (Amersham Pharmacia Biotech). Sequencing reactions were
performed as described by the supplier. DNA strands were sequenced with pUC18-derived
and synthetic oligonucleotide primers (Microsynth, Balgach, Switzerland) using the primer
walking strategy.
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2.3.8.3 Data analysis of the sequences

DNA sequence analysis, sequence alignment, and sequence database searching were
conducted with programmes contained within the Sequence Analysis Software Package
(version 10.0) licensed from the Genetic Computer Group (GCG, University of Wisconsin,
Madison, WI, USA). Sequences were compared by the algorithm of Pearson and Lipman
(1988) (FastA and TFastA) with sequences in the GenEMBL database copy and the SwissProt
database. The identities and similarities were calculated with the programme "gap" from the
GCG package.

2.3.8.4 Nucleotide sequence accession number of plasmid pLME106

The nucleotide sequence reported here was deposited in EMBL Nucleotide Sequence
Database under accession number AJ250233.

2.4 Transformation

2.4.1 Transformation of E. coli

2.4.1.1 Electrotransformation of E. coli XL-1 Blue

Competent cells of Escherichia coli XL1-Blue were obtained using the method of Sambrook
et al. (1989) using 10% glycerol as buffer. Best results were gained when these cells were
mixed (ratio 1:1) with Epicurian coli® XL1-Blue competent cells (Stratagene).

In a volume of 40 µl, E. coli XL1-Blue cells were transformed by electroporation with a field
strength of 12.5 kV/cm, using a Gene Pulser™ and a Pulse Controller™ apparatus (Bio-Rad
Laboratories, Richmond, CA) set at 25 µF and 200 Ω. In other respects the Gene Pulser™
Electroprotocols manual was followed. When the cmx(A) and the cml(A) genes had been
ligated to pUC18, 10 µg/ml chloramphenicol were added to the LB selective medium.

2.4.1.2 Transformation of CaCl2 treated E. coli JM109 and E. coli JM110 cells

E. coli JM109 competent cells were gained from Stratagene, E. coli JM110 competent cells
were obtained from Promega. In order to transform these strains the manufacturers' protocols
were followed.

2.4.2 Electrotransformation of corynebacteria

Competent cells of Corynebacterium glutamicum ATCC13032 were obtained following the
method of Sambrook et al. (1989) for E. coli, using 15% glycerol as buffer. The
electrotransformation of corynebacteria was carried out as described above for E. coli



21 Material and methods

(2.4.1.1). Either 25 µg/ml kanamycin or 10 µg/ml chloramphenicol or tetracycline were added
to the LB selective medium.

2.4.3 DNA transformation of propionibacteria

2.4.3.1 Competent cells of Propionibacterium freudenreichii freudenreichii DSM20271T

Competent cells of propionibacteria were obtained by using a modified method of Jore et al.
(2001). First, two subsequent 48-h preparatory cultures of Propionibacterium freudenreichii
freudenreichii DSM20271T were cultivated. Then a third successive preparatory culture was
cultivated for 60 h. 200 ml of fresh SLB were inoculated with 4 ml (ratio 1:50) of the third
culture. After incubation of 18 hours, the cells were put on ice for 30 min until they were
harvested (10'000x g, 15 min, 4°C). The cells were washed twice in icecold 0.5 M sucrose, in
1 volume and 0.5 volume respectively. The third time, they were washed in 0.1 volume of
icecold 0.5 M buffered sucrose (1 mM potassium acetate, pH 5.5) and finally the pellet was
resuspended in 0.01 volume of icecold 0.5 M buffered sucrose (1 mM potassium acetate, pH
5.5). The cells were put on ice and immediately used for transformation. Residual competent
cells were resuspended in 10% glycerol and stored at –80°C.

2.4.3.2 Electrotransformation of Propionibacterium freudenreichii freudenreichii DSM20271T

Propionibacterium cells were transformed by electroporation using a Gene Pulser™ and a
Pulse Controller™ apparatus (Bio-Rad Laboratories, Richmond, CA). 80 µl of the cells were
mixed with DNA in a cooled electroporation cuvette and put on ice for 1 min. Then an
electric pulse was delivered at 200-Ω resistance and 25-µF capacitance. The chosen field
strength was 20 kV/cm, as recommended by Jore et al. (2001). After the electric pulse, the
cuvette was again put on ice for one minute before 900 µl of icecold SLB medium containing
0.5 M sucrose were added. After 3 h of incubation at 30°C, cells were plated on SLB agar
plates supplemented with the appropriate antibiotic (10 µg/ml chloramphenicol or
tetracycline). After 10 to 14 days of incubation at 30°C under anaerobic conditions,
transformants could be detected. Transformants were confirmed to carry the right plasmid by
restriction enzyme digests, gel electrophoresis and hybridisation experiments.
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2.5 Curing of Propionibacterium strains containing plasmids

Curing of Propionibacterium strains from their plasmids was performed by an electroporation
procedure without the addition of DNA. The procedure was the same as to transform
propionibacteria (2.4.3). Cells were selected and colony hybridisation with plasmid DNA as
probe were performed as described above (2.3.5). Colonies that gave no signal with this probe
were selected for plasmid DNA isolation to confirm the absence of the original plasmid.

2.6 Construction of Propionibacterium-E. coli shuttle vectors

All the below-mentioned plasmid constructs are also listed in table 2-2. Usually, plasmid
DNA isolated from a Propionibacterium strain and an antibiotic resistance gene, amplified by
PCR, were ligated to either pUC18 or pGEM-5Zf(+). To increase the amount of plasmid
DNA, the newly constructed plasmids were first transferred to E. coli XL1-Blue. Only the
final construct was also introduced into E. coli JM110, in order to obtain unmethylated DNA
for the transformation of propionibacteria.

2.6.1 Construction of Propionibacterium-E. coli shuttle vectors consisting of
pLME106, pGEM-5Zf(+) and the cat gene

As a first step, plasmid pLME106 was linearized with SacII and ligated to SacII-digested
pGEM-5Zf(+). The two resulting plasmids pLME134 and pLME135 were opened with the
blunt end cutter HpaI, where a 1.0-kb PCR product carrying the cat gene was inserted. This
resulted in plasmids pLME137 (descendant of pLME135) and pLME138 (descendant of
pLME134). On both new plasmid constructs the cat gene and orf6 were transcribed in
opposite directions.

2.6.2 Construction of Propionibacterium-E. coli shuttle vectors consisting of
pLME106, pGEM-5Zf(+) and the tet(W) gene

As a first step, plasmid pLME106 was linearized with SacII and ligated to SacII-digested
pGEM-5Zf(+). The two resulting plasmids pLME134 and pLME135 were opened with the
blunt end cutter HpaI, where a 2.1-kb PCR product carrying the tet(W) gene was inserted.
This resulted in plasmid pLME136 (descendant of pLME135), on which the tet(W) gene and
orf6 were transcribed in the same direction.

Plasmid pLME136 was later reorganised. Plasmid pLME106 including the tet(W) gene was
cut out of pGEM-5Zf(+) (SacII-SacII). The linear plasmid was self ligated, relinearized with
XhoI and ligated to pGEM5Zf(+) (SalI). This resulted in plasmids pLME139 and pLME140.
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Plasmid pLME140, on which the tet(W) gene and the amp gene of pGEM-5Zf(+) were
transcribed in opposite directions, was digested with NheI and self ligated, which led to
plasmid pLME142.

2.6.3 Construction of Propionibacterium-E. coli shuttle vectors consisting of
pLME106, pUC18 and the genes cmx(A) and cml(A)

A large fragment containing orf1, orf2, orf8 orf9 and orf10 was obtained from plasmid
pLME106 by a digest with EcoRI and BamHI, and the fragment was ligated to EcoRI-
BamHI-digested pUC18. The resulting plasmid pLME143 was restricted with NheI and self
ligated, which resulted in plasmid pLME144. A 1.5-kb PCR product carrying the cmx(A) and
the cml(A) gene was ligated to StuI-digested pLME144 (inside orf10), which resulted in
plasmids pMPS1 and pMPS9.

2.6.4 Construction of Propionibacterium-E. coli shuttle vectors consisting of
pLME108, pUC18 and the genes cmx(A) and cml(A)

To begin with, a 1.5-kb PCR product carrying the cmx(A) and the cml(A) genes was ligated to
SmaI-digested pUC18 which resulted in pAMT1-V and pAMT2-V. These plasmids were
linearized at the SalI-site of pUC18 and ligated to XhoI-digested pLME108. This resulted in
plasmids pAMT1 (from pAMT1-V) and pAMT2 (from pATM2-V).

2.7 Determination of the susceptibility to antibiotics

Determination of the minimal inhibitory concentration (MIC) of antibiotics was performed
with E-test strips (AB Biodisk, Sweden) according to the manufacturer's recommendations.
The antimicrobial agents tested were chloramphenicol and tetracycline.

2.8 Determination of β-hemolysis activity of Propionibacterium
strains

Columbia sheep blood agar was used to determine the ability to lyse sheep erythrocytes.
Using autoclaved toothpicks, single colonies were transferred to the agar plate and incubated
anaerobically for 7 d at 30°C.

β-hemolysis is characterised by a clear, colourless zone around the colony.
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3 Results

The recent characterisation of different indigenous Propionibacterium plasmids in all dairy

propionibacteria opened the way to approach the construction of Propionibacterium-E. coli

shuttle vectors.

3.1 Characterisation of plasmid pLME106 from Propionibacterium

jensenii DF1

Nucleotide sequencing of plasmid pLME106 and its further molecular characterisation was

initiated for two reasons. First, it was assumed that the gene of propionicin SM1, produced by

Propionibacterium jensenii DF1, might be located on pLME106 (Miescher, 1999). In

addition, the fact that this plasmid seemed to be widespread among propionibacteria

(Rehberger and Glatz, 1990; Miescher et al., 2000; this study), presented it as an interesting

candidate for later DNA transformation experiments.

3.1.1 Determination and analysis of the nucleotide sequence of plasmid pLME106

The whole sequence of pLME106 was determined based on HincII, ApaI or SacI overlapping

fragments cloned in E. coli vectors. This led to the recombinant plasmids pLME112,

pLME126, pLME127, pLME128, pLME129, pLME130 and pLME131 (table 2-2). The

complete sequence of pLME106 was submitted to the GenEMBL database (acc. no.

AJ250233). It contained 6868 bp with a calculated G+C content of 65%. The data from this

analysis are part of a recent publication (Miescher et al., 2000). The nucleotide sequence of

pLME106 revealed 100% identity to plasmid pRGO1, which was first isolated and described

by Rehberger and Glatz (1990) and finally sequenced by Kiatpapan et al. (2000 & 2001) (acc.

no. AB007909).

Figure 3-1 shows a physical map of pLME106. Plasmid pLME106 contains at least 10 open

reading frames which are listed in table 3-1 and will be described in detail in the following

chapters. The whole sequence of pLME106 is shown in the appendix, chapter 6.
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Figure 3-1: Physical map of pLME106, a plasmid isolated from Propionibacterium jensenii DF1. The zero
position for pLME106 was selected randomly at the single XhoI restriction site. Ten putative genes (orfs)
encoding open reading frames are marked by arrows. Putative Rep proteins are encoded by orf1 and orf2. Orf4
(ppnA) is the gene encoding propionicin SM1. No homologies were found to be encoded by orf7 and orf9 (in
black).

Table 3-1: Putative open reading frames (ORFs) of plasmid pLME106 from P. jensenii DF1.

ORF
(codons)

Nucleotide position
on pLME106

5’→3’

Putative
RBS (a)

G+C
content

%

Identification
(highest homology)

aa identity
%

Accession
number

ORF1
(291)

1812 2684 GGGAG 70 RepA of pLIM
(Brevibacterium linens)

57 AY004211

ORF2
(115)

2684 3028 GGGAGG 69 ORF1 of pMB1
(Bifidobacterium longum)

41 X84655

ORF3
(176)

3025 3552 AAGG 66 Unidentified protein of
pKA22 (Rhodococcus
rhodochrous)

38 AF165152

ORF4
(208)

4051 4674 AGG 51 PpnA (Miescher et al.,
2000)

100 AJ250233

ORF5
(109)

4727 5053 AGGA 44 ORF25 (ytpF) of pTP10
(Corynebacterium striatum)

23 AF139896

ORF6
(182)

5212 5757 --- 71 InvA of pREAT701
(Rhodococcus equi)

49 AP001204

ORF7
(202)

6571 5966 GGA 71 none --- ---

ORF8
(78)

155 388 AGGAGG 64 ORF27 (ytpH) of pTP10
(Corynebacterium striatum)

36 AF139896

ORF9
(213)

1338 700 GGGAGG 76 none --- ---

ORF10
(88)

372 635 GGA 67 ORF26 (ytpG) of pTP10
(Corynebacterium striatum)

47 AF139896

(a) bold faced characters indicate consensus nucleotides with the supposed Propionibacterium ribosome binding site (RBS)
GGAGGAAAGA as recommended by Dasen (personal communication).

pLME106

6868 bps

Xho I
Sac I
Stu I
Apa I

Stu I
HincII

Sac II

Apa I

HincII
HincII

Apa I
HincII

Sac I

HincII

Apa I

Nhe I

IPst

INhe

RIEco

IApa

RIEco

cIIHin
cIIHin

cIIHin
IHpa

IApa
HIBam

orf8
orf10

orf9

orf1

orf2
orf3

orf4

orf5

orf6

orf7

0 / 6.9kb

ppnA
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3.1.2 Description of the open reading frames (ORFs) of pLME106

The aa identities and similarities were calculated with the programme "gap" from the GCG

package.

3.1.2.1 ORF1 and ORF2: Replication proteins

There is evidence that ORF1 and ORF2 are both involved in the replication of pLME106 and

that they are translationally coupled since the stop codon of ORF1 is overlapped by the start

codon of ORF2.

3.1.2.1.1 ORF1

The aa sequence derived from orf1 has a length of 290 aa. The nucleotide sequence is located

between the positions 1812 and 2684. A putative ribosome binding site could be located 4 bp

in front of the GTG initiation codon. Database analysis of the corresponding aa sequence

revealed high identities and similarities mainly to theta replication proteins of bacteria of the

high G+C branch, but also of Gram-negative bacteria such as Escherichia coli (table 3-2). The

alignment of ORF1 of pLME106 with these replication proteins is shown in figure 3-2. Two

highly conserved motifs are highlighted as proposed by Ankri et al. (1996c). Their function is

unknown. The origin of replication of pLME106 has not been identified.

Table 3-2: Comparison of aa identities and similarities of ORF1 (290 aa) of pLME106 with various replication
proteins.

Protein Length of
protein (aa)

Identity
%

Similarity
%

Accession
number

Reference

RepA of plasmid pLIM from
Brevibacterium linens

320 57 62 AY004211 -

ORF2 of plasmid pKA22 from
Rhodococcus rhodochrous

296 58 62 AF165152 Kulakov et al., 1997

ORF3 of plasmid pXZ10142
from Corynebacterium
glutamicum

247 45 50 X72691 -

ORF2 of plasmid pMB1 from
Bifidobacterium longum

306 44 52 X84655 Rossi et al., 1996

ORF1 of plasmid pAL5000 from
Mycobacterium fortuitum

336 54 59 M23557 Rauzier et al., 1988

Rep of plasmid pColE7-K317
from Escherichia coli

304 39 45 D30062 Hiraga et al., 1994

Rep1 of plasmid p545 from
Propionibacterium
freudenreichii

303 35 42 AF291751 Jore et al., 2001
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             1                                                   50
pLME106      ~~~~~~~~~~ ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~MW LPRWPLASDD
pLIM         ~~~~~~~~~~ ~~~~~~~~~~ ~~~~~~~MST ASTETWGQMW LPLWPLASDD
pKA22        ~~~~~~~~~~ ~~~~~~~~~~ ~~~~~~~~~~ ~~~~~~~~MW LPFWPLATND
pXZ10142     ~~~~~~~~~~ ~~~~~~~~~~ ~~~~~~~~~~ ~~~~~~~~~~ ~~~~~~~~~~
pMB1        ~ ~~~~~~~~~ ~~~~~MYAVA MSDEYSQPTL ELSRTFEGWW LPERPLCCDD
pAL5000      MGWPLSEISD LELVSDHTPV INRGLLPSVS HVADEFEQLW LPYWPLASDD
pColE7-K317  ~~~~~~~~~~ ~~~~~~~~~~ ~~~~~~~~MS AALQYFDEN. LPHRPYHTDD
p545         ~~~~~~~~~~ ~~~~~~~~~~ ~~~~~~~~MD SFETLFPESW LPRKPLASAE

             51                                                 100
pLME106      LAAGIYRMAR PSALGVRYIE VNPQAISNLL VVDCDHPDAA MRAVWDRHDW
pLIM         LLQGIYRTSR HNALELRYIE ANPQSLSNLL VIDIDHPDAL MRAMWNRKAW
pKA22        FLEGVYRMRR PAALERRYIE ANPQTLSNLL VVDVDHPDSA LRALSAAGNH
pXZ10142     ~~~~~~~~~~ ~~~~~~~~~~ ~~~~~~~~~~ ~~~~~~~~MP SRISWSSTST
pMB1         DYSRLHRRSR ADALKCKHIE ANPAALVNTI VVDIDDANAK AMALWE.HEG
pAL5000      LLEGIYRQSR ASALGRRYIE ANPTALANLL VVDVDHPDAA LRALSARGSH
pColE7-K317  LAFGLRISGK GRALLARYIQ QNQPHAQFWL VFDVDREGAA IDWSDRNA..
p545         KSGAYRHVTR QRALELPYIE AN.PLVMQSL VI.TDRDASD ADWAADLAGL

             101                                                150
pLME106      .LPNAIVE.N PDNGHAHAVW ALEAAIPRTE ........YA HR....KPIA
pLIM         .QPNAIVE.N PANGHAHAVW ALAEPVTRTE ........YA RR....KPLA
pKA22        PMPNAVIE.N SSNGHAHLHW WLREPFTRTE ........YA RR....KPLA
pXZ10142     SKTHSCVRCG TETAGGLTPW LKTLKRARTR RVGARGAIYP HRVRQAQATC
pMB1         MRPNWIAE.N PANGHAHAGW VLTFPVPRTD ........LA RL....KPLK
pAL5000      PLPNAIVG.N RANGHAHAVW ALNAPVPRTE ........YA RR....KPLA
pColE7-K317  PAPN.ITVKN PVNGHAHLLY ALNIAVRTAP DS........ ....SVKALK
p545         PSPS.YVSMN RVTTTGHIVY ALKNPVCLTD AA........ ....RRRPIN

             151                       motif 1                  200
pLME106      YAAAVTEGLR RSVDGDASYA GLITKNPEHP AWNTTW.CTD HLYRLAELDT
pLIM         YAAAVTEGLR RSVDGDKGYS GLMTKNPTHE QWEASW.LTD HLYNLNELTE
pKA22        YAAAVTEGLR RAVEGDIGYS GLMTKNPTHS GWDTHW.IHT EPRSLAELEA
pXZ10142     YAAAVTEGLR RSVDGDKGYS GLITKNPEHT AWDSHW.VTD KLYTLDELRF
pMB1         LLHATTEGLR RSCDGDMGYS GLLMKNPEHP AWASDI.IEW DTYDLEQLVQ
pAL5000      YMAACAEGLR RAVDGDRSYS GLMTKNPGHI AWETEW.LHS DLYTLSHIEA
pColE7-K317  YAAAIERSLC EKLCADVNYS GLICKNPFHL EW........ QVMEWREEAY
p545         LLARVEQGLC DVLGGDASYG HRITKNPLST AHATLWGPAD ALYELRALAH

201       motif 2           250
pLME106      HLDAAGLMPA PSWRRTR..R RNPVGLGRNC AIFETARTWA YRDARRIRQR
pLIM         HLTVADFMPP DSWQRTK..R KNPVGLGRNC TLFETVRWDV YRVARTIRKR
pKA22        ELGTH..MPS PRWQHTKAHR DAPIGLGRNC AIFHAARTWA TRPG...LMR
pXZ10142     WLEETGFMPP ESWKKTR..R KSPIGLGRNC ALFESARSWA YREI.....R
pMB1         SLQEHGDMPP VSWKRTKRAR TQ..GLGRNC TLFDKARTLA YRYVAAAADR
pAL5000      ELGAN..MPP PRWRQQTTYK AAPTPLGRNC ALFDSVRLWA YRPA...LMR
pColE7-K317  TLDELADYLD LSASARRSID KH.YGMGRNC HLFEMTRKWA YRAMRQG...
p545         TLDEI.HALP EAGNPRRNVT RS..TVGRNV TLFDTTRMWA YRAVRHS...

             251                                                300
pLME106      HEYPTAEDSA DLHAVIASTV EALNAGY... ...SEPLPAR EAAGIAASIH
pLIM         NEHPTPEDQH DLEAAIASLC QGMNATF... ...SEALPAT EIAATIRSFY
pKA22        NYLPT.HDSA GLELALHREV TALNASY... ...TEELPPS EARAIAASIH
pXZ10142     HHF...GDPD GLGRSIQATA QALN.....Q ELFSEPLPVA EVDQIARSIH
pMB1         SE....ASSE ALRLYVRRTC HELNVS.... .LFPDPLHAR EVEDIAKSIH
pAL5000      IYLPT.RNVD GLGRAIYAEC HARNAEFPCN DVCPGPLPDS EVRAIANSIW
pColE7-K317  ....W.PEFS QWLDAVIQRV EMYNASLPV. .....PLSPP ECRAIGRSIA
p545         ....WGGPVA EWEHTVFEHI HLLNETIIAD EFATGPLGLN ELKHLSRSIS
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301                                                350
pLME106      RWITHRFYGW IDSHTVNEAT FSTIQSYR.. GHKGAGKARP R....ARRAA
pLIM         KWITTRYTGW LDSRTTSKKN PPPTTATP.. ADKAVSLVAV RVASPAESLA
pKA22        RWITTRSRIW KDGIAVYEAT LSTIQSAR.. GRKGG..... .VASGQARRA
pXZ10142     RWIITKSRMW TDGPAVYEAT FTTIQATR.. GKRSAEHRWG TTNAERIERF
pMB1         KWIVTRSRMW RDGAIANAAT FIAIQSAR.. GHKHGENKYQ QVMKEALEW*
pAL5000      RWITTKSRIW ADGIVVYEAT LSARQSAI.. SRKGA..AAR TAASTVARRA
pColE7-K317  KYTHRNFTPE TFAQYVADTH TPEIQAAR.. GRKGGSKSKR STVATSARTL
p545         RWVWRNFTPE TFR...ARQK AISLRGASKG GKEGGHKGGI ASGASRRAHT

             351                    373
pLME106       SITDWEA*~~ ~~~~~~~~~~ ~~~
pLIM          AVTNSRECRL RFKRQGLDDN DG*
pKA22         RSTKLDQVRL AIEEATHD*~ ~~~
pXZ10142      IND*~~~~~~ ~~~~~~~~~~ ~~~
pMB1          ~~~~~~~~~~ ~~~~~~~~~~ ~~~
pAL5000       KSASAMEALL*~~~~~~~~~~ ~~~
pColE7-K317  KPWEALGISR AWYYQLKKRG LVE*
p545          RQQFLEGLS* ~~~~~~~~~~ ~~~

Figure 3-2: Alignment of the aa sequence of ORF1 of pLME106 with all the replication proteins which are
listed in table 3-2. The figure was calculated with the programme "pileup" from the GCG package. Two
conserved motifs were highlighted (motif 1 and motif 2) as proposed by Ankri et al. (1996c): within the motifs
aa in bold type are conserved in all proteins, aa underlined are replaced by equivalent aa.

3.1.2.1.2 ORF2

Orf2 was determined due to its good ribosome binding site, which is located 5 bp in front of

the ATG initiation codon, and due to its codon preference matching with the one of

Propionibacterium genes. The derived aa sequence of orf2 has a length of 114 aa. The

nucleotide sequence is located between the positions 2684 and 3028. The ATG initiation

codon overlaps the stop codon (TGA) of orf1 by one basepair. Database analysis of the

corresponding aa sequence revealed high identities and similarities to putative replication

proteins of bacteria of the high G+C branch only (table 3-3), whose genes are arranged in a

similar way with the gene of the trans-acting Rep protein (Stolt and Stoker, 1996a). The

alignment of ORF2 of pLME106 with those proteins is shown in figure 3-3. The helix-turn-

helix motif of ORF2, which was first discussed by Kiatpapan et al. (2000), is highlighted in

figure 3-3. This motif is typical for DNA binding proteins (Brennan and Matthews, 1989;

Pabo and Sauer, 1984).
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Table 3-3: Comparison of aa identities and similarities of ORF2 (114 aa) of pLME106 with various proteins
which are assumed to take part in replication.

Protein Length of
protein (aa)

Identity
%

Similarity
%

Accession
number

Reference

ORF1 of plasmid pMB1 from
Bifidobacterium longum

105 41 48 X84655 Rossi et al., 1996

ORF2 of plasmid pAL5000
from Mycobacterium fortuitum

119 43 49 M23557 Rauzier et al., 1988

ORF4 of plasmid pXZ10142
from Corynebacterium
glutamicum

87 32 43 X72691 -

RepB of plasmid pLIM from
Brevibacterium linens

67 33 44 AY004211 -

Rep2 of plasmid p545 from
Propionibacterium
freudenreichii

85 28 35 AF291751 Jore et al., 2001

Unidentified protein of plasmid
pKA22 from Rhodococcus
rhodochrous

82 32 36 AF165152 Kulakov et al., 1997

          1                             helix1 turn  helix2   50
pLME106   ~~~~~~~~~~ ~~~MADVQHR VKRRGTAREA AERVGASIRT AQRWTSIPRE
pMB1      ~~~~~~~~~~ ~~~MVRTTLR KKRPVSAREL AEAYGVSTRT IQSWVAMKRE
pAL5000   MSDGYSDGYS DGYNRQPTVR KKRRVTAAEG ARITGLSERH VVRLVAQERS
pXZ10142  ~~~~~~~~~~ ~~~MTKRTRI PRNGKTIREV AEGTGLSTAT IERWTSAPRE
pLIM      ~~~~~~~~~~ ~MTMTAEHRH PRNGMSVREL AAKVGVSEKS IVRWTSEPRE
p545      ~~~~~~~~~~ ~~~MTTRERL PRNGYSIAAA AKKLGVSEST VKRWTSEPRE
pKA22     ~~~~~~~~~~ ~~~MTE..RL PRNGITVREL AERTGVSTAS IIRWTSEPRE

          51                                                 100
pLME106   EWITQKAVER EEIRAYKYDE GHTWGETSRH FGIAKTTAQE RARRARRERA
pMB1      DWIDEQAAMR EAVRSYHDDE GHTWPQTAEH FNMSQGAVRQ RCYRARKER.
pAL5000   EWLAEQAARR ERIRAYHDDE GHSWPQTAKH FGLHLDTVKR LGYRARKERA
pXZ10142  DYLAQANEKR VRVQELR.AK GLSMRAIAAE IGCSVGLVHR YVKEVEEKKT
pLIM      VYLSRAQQRR VRIRELR.ET GLSNACDRR* ~~~~~~~~~~ ~~~~~~~~~~
p545      EFVARVAARH ARIRELR.SE GQSMRAIAAE VGVSVGTVHY ALNKNRTDA*
pKA22     AYLSRAQQRR EKIRELR.GT GMSMRAIANE LGCSVGTVHH ALAGIER*~~

          101                       128
pLME106   AEAEKAAEEA EAALRPTLFE GQEQGSA*
pMB1      .EDEAAEKSK HLPGEIPLFD *~~~~~~
pAL5000   AEQEAAQKAH NEADNPPLF* ~~~~~~~
pXZ10142  A*~~~~~~~~ ~~~~~~~~~~ ~~~~~~~
pLIM      ~~~~~~~~~~ ~~~~~~~~~~ ~~~~~~~
p545      ~~~~~~~~~~ ~~~~~~~~~~ ~~~~~~~
pKA22     ~~~~~~~~~~ ~~~~~~~~~~ ~~~~~~~

Figure 3-3: Alignment of the aa sequence of ORF2 of pLME106 with all the proteins listed in table 3-3. Aa in
bold type are conserved in all proteins; aa underlined are identical or replaced by equivalent aa. The figure was
calculated with the programme "pileup" from the GCG package.
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3.1.2.2 ORF3: Hypothetical protein

Orf3 has a size of 528 bp and encodes a hypothetical protein of 175 aa. Its sequence is located

between the nucleotides 3025 and 3552. A putative ribosome binding site could be

determined 7 bp upstream of the initiation codon ATG, which is overlapped by the stop

codon of ORF2 (TGA). Therefore ORF3 lays just downstream of ORF2. The aa sequence

encoded by orf3 is 38% identical to an unidentified protein of Rhodococcus rhodochrous

plasmid pKA22 (acc. no. AF165152; Kulakov et al., 1997). It also revealed 37% identity to

an unidentified protein of Propionibacterium freudenreichii plasmid p545 (acc. no.

AF291751; Jore et al., 2001) and 29% identitiy to an unidentified protein of Brevibacterium

linens plasmid pLIM (acc. no. AY004211). These two unidentified proteins lay also both

downstream of RepB and Rep2, respectively (table 3-3).

Figure 3-4 shows an alignment of the aa sequence of ORF3 of pLME106 with the

unidentified protein of Rhodococcus rhodochrous plasmid pKA22.

10        20        30        40         50       59

pLME106   MSNPESSGRPSGPTLSMAEAARACGVSVSTVRRHRDALVAHGATRHDA-SWVIPLSALIS
                     | |:::: ||:|| || :|: |: | |   || :  | :|||||::|:
pKA22            MTNPGQTFTVTTAAKACQVSRKTITRRLDQLRDGGAYKDAAGAWVIPLGSLLH
                         10        20        30        40        50

         60         70         80        90       100          110
pLME106   CGLMP-RVTPPDAPS-PNNVAPAMTSHGDAPLTGEVQELRERLANAE---HRAELAEAIA
           || | | : |||    :: : :: ::|   |  :| |||:|  :||   :|||:|||:|
pKA22     AGLSPGRPASPDAVHVSQEDTQGQEDRGWFTLE-QVAELRKRADEAESLRRRAEVAEALA
               60        70        80         90       100       110

             120       130          140       150         160      169
pLME106   AERQHTIDAQRIALRALEPG---STHNSPATDEPATAREQPP--GPEPSDSRPHRRSWWR
          :||:::|::|  ||| || |   ::|:  :::  ||  : ||  ||
pKA22     TERERVIEVQARALRMLEAGQRPTAHQETTSEVSATPADVPPRRGPLERLVGRFGLX
               120       130       140       150       160

        170
pLME106   RLTGGAX

Figure 3-4: Alignment of the aa sequence of ORF3 (175 aa) on pLME106 with an unidentified protein (168 aa)
of plasmid pKA22 from Rhodococcus rhodochrous.

3.1.2.3 ORF4: Propionicin SM1, the first described function encoded on a

Propionibacterium plasmid

The derived aa sequence of orf4 has a length of 207 aa. The nucleotide sequence is located

between the positions 4051 and 4674. A putative ribosome binding site is located 8 bp in front

of the ATG initiation codon. Orf4, with a G+C content of 51%, is the structural gene of the

bacteriocin propionicin SM1 (ppnA), which was well and extensively documented by
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Miescher (1999) and Miescher et al. (2000). It was the first described function encoded on a

Propionibacterium plasmid. Database analysis of the aa sequence revealed no homologies

with known proteins. In accordance with the deduced amino acid sequence of 207 residues,

the calculated molecular mass of propionicin SM1 was 22’685 Da. Analysis of the amino acid

sequence revealed, that this bacteriocin is synthesised as a precursor protein which is

processed by cleavage of the 27-amino-acid leader peptide thus producing the mature protein,

which had been identified in the cell-free supernatant of a culture of Propionibacterium

jensenii DF1. Propionicin SM1 suppresses the growth of P. jensenii DSM20274 (Miescher,

1999).

3.1.2.4 ORF6: Putative DNA invertase

The aa sequence derived from orf6 has a length of 181 aa. The nucleotide sequence is located

between the positions 5212 and 5757. A putative ribosome binding site could not be located.

However, the start codon was "determined" due to homology reasons. The deduced aa

sequence of orf6 revealed 49% identity with the invertase (InvA) of the Rhodococcus equi

virulence plasmid pREAT701 (acc. no. AP001204; Takai et al., 2000), which is just 11 aa

bigger in size than ORF6. Figure 3-5 shows an alignment of ORF6 from pLME106 with InvA

from pREAT701.

                   10        20        30        40        50       59
pLME106    MSITGYARVSTAEQHEAAQIDALKAAGADPIYIDKASGATMARPQWRACLAGLGPGDTL
             : ||||||||||    | |||::|| : |: | ||||| :||:  : :: |  ||||
pREAT701  MSELLGYARVSTAEQTLDLQSDALSVAGCSRIWTDVASGATTSRPELDSLFSHLREGDTL
                  10        20        30        40        50        60

         60        70        80        90       100       110      119
pLME106   MVTRIDRLGRSLADLVATLDALGRRGVGFRSLAEQLDTTSPGGLALFQMAGVFAEFERQL
          :| |:|||||:|  |: |:  | ::|||||||:|::|||: ||  :|:: |::| |||:|
pREAT701  VVWRLDRLGRNLPHLLQTITDLEEKGVGFRSLTESIDTTTAGGKLIFNIFGALASFERDL
                  70        80        90       100       110       120

         20       130       140       150       160       170      179
pLME106   IAARTRDGLAAARARGHRPGRPAALTAEQQASARDMRAAGASLGSIARILGVSTRTITRV
          |  ||  |||||||||:  |||  :|  :  :|| || :| |   ||::|||:  |:
pREAT701  IRERTAAGLAAARARGKVGGRPRKMTDSRIRQARKMREGGMSQTEIAEVLGVGRTTLYQY
                 130       140       150       160       170       180

        180
pLME106   TTX

pREAT701  LGPQKSRRSGDQX
                 190

Figure 3-5: Alignment of ORF6 (181aa) from pLME106 with InvA (192 aa) of plasmid pREAT701 from
Rhodococcus equi.
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3.1.2.5 ORF5, ORF8 and ORF10

3.1.2.5.1 ORF5: Hypothetical protein

ORF5, which is encoded by the corresponding gene orf5, has a length of 108 aa. The

nucleotide sequence is located between the positions 4727 and 5053. A putative ribosome

binding site is located 7 bp in front of the ATG initiation codon. ORF5 of pLME106 revealed

23% identity with ORF25 (ytpF) of pTP10 from Corynebacterium striatum (acc. no.

AF139896; Tauch et al., 2000). An alignment of ORF5 of pLME106 with ORF25 of pTP10 is

shown in figure 3-6. Even though the identity level is not very high, a relatedness should not

be excluded due to the similar length of the putative proteins and due to the similar

organisation of their genes together with orf8 and orf10 (see below, 3.1.2.5.4).

A special feature of orf5 is that its deduced amino acid sequence is assumed to build three

transmembrane helices. This analysis was done by an online service of the Center for

Biological Sequence Analysis of the Technical University of Denmark.

                  10        20         30        40         50
pLME106   MADYIPLLIFILAMIYDFLVIILGRHGR-FNSYSILAKASLVAISVILI-IVPYASYWLV
                     :::|  | ::::|  || |::  :|| ::|::: |||  ::| |:::
pTP10        MLVEKVGYVSLIVGFALFFVGIGGRRFEKRRLLAGGGLAVLLVILASFIPGANFFAE
                     10        20        30        40        50

          60        70        80        90       100
pLME106   AGDPDVWDFYRSLWWIPVAFLGIVSIVLMASSRGWGRRLGDSGEHQVRVSX
          |:        : :| : : | ::: : |  : || |
pTP10     ASHGA-----QLFWMFAAQFSSLAFVQLWETFRGSGGGGADGKRLRPLAWCTSX
           60             70        80        90       100

Figure 3-6: Alignment of ORF5 (108 aa) from pLME106 with ORF25 (105 aa) of pTP10 from
Corynebacterium striatum.

3.1.2.5.2 ORF8: Hypothetical protein

The aa sequence derived from orf8 has a length of 77 aa. The nucleotide sequence is located

between the positions 155 and 388. A putative ribosome binding site is located 7 bp in front

of the ATG initiation codon. ORF8 of pLME106 revealed 36% identity with ORF27 (ytpH) of

pTP10 from Corynebacterium striatum (acc. no. AF139896; Tauch et al., 2000). An

alignment of ORF8 of pLME106 with ORF27 of pTP10 is shown in figure 3-7.
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                   10        20        30        40        50       59

pLME106    MTIATSVKLSEETGRKLDELARATGRSKSYYLREAIEDHIDQMVHDYAIARLADDVRAG
                |:::::|  |:||||:| |||  |:|||||:  |: :: : | : : | :|| |
pTP10     MSGSVISLRIDDEQKRRLDELSRRTGRPGSFYLREALSAHLADLEYVYRLEEEAAQVRRG
                  10        20        30        40        50        60

         60        70
pLME106   RAATYSADEVDQILGLDDX
          : :|   :::::  || |
pTP10     ELGTVPLSQLERECGLGDX
                  70

Figure 3-7: Alignment of ORF8 (77 aa) from pLME106 with ORF27 (78 aa) of pTP10 from Corynebacterium
striatum.

3.1.2.5.3 ORF10: Hypothetical protein

The aa sequence derived from orf10 has a length of 87 aa. The nucleotide sequence is located

between the positions 372 and 635. A putative ribosome binding site is located 9 bp in front

of the TTG initiation codon. ORF10 of pLME106 revealed 47% identity with ORF26 (ytpG)

of pTP10 from Corynebacterium striatum (acc. no. AF139896; Tauch et al., 2000). It shall be

noticed that the initiation codon for ORF10 on pLME106 is TTG and was chosen because of

its preceding ribosome binding site. Actually, on pTP10 the proposed initiation codon for

ORF26 was GTG (...VKSF...), 33 bp (11 aa) downstream from the here proposed initiation

codon GTG (MAWE...) in figure 3-8. The primarily proposed "Valin" is shown as a bold

letter. The corresponding Valin on pLME106 (...VKAL...) is encoded by GTC, which is not a

valid initiation codon. On pLME106, the initiation codon TTG of orf10 overlaps with the end

of gene orf8 by 17 bp. On pTP10, exactly the same overlap is found between the here

proposed initation codon of ytpG (ORF26) and the terminus sequence of gene ytpH.

                  10        20        30        40        50        60

pLME106   MAWTIEYTDPAVKALRKLDRAQARRITAYIRELTGLDDPHQRGKGLTGPLAGLWRYRVGD
          :|| | ::  |||:::||| |: ||:: ::||: :|:||: |||:||:  :||||:||||
pTP10     MAWEISFSPRAVKSFKKLDTAEQRRVSKFLREVGALEDPRLRGKALTANKSGLWRWRVGD
                  10        20        30        40        50        60

                  70        80
pLME106   YRIICDLNADRLAIIALTIEHRSQAYRX
          |||| |:   |:::::: : |||: |
pTP10     YRIIADIVDARVVVVVVDVGHRSKIYDX
                  70        80

Figure 3-8: Alignment of ORF10 (87 aa) from pLME106 with ORF26 (87 aa) of Corynebacterium striatum
plasmid pTP10. On pTP10, the Valin (V) in bold is the starter amino acid of ORF26 proposed by Tauch et al.
(2000).
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3.1.2.5.4 Arrangement of ORF5, ORF8 and ORF10 on pLME106 compared with the homologous

hypothetical proteins on Corynebacterium striatum plasmid pTP10

The deduced amino acid sequences ORF5, ORF8 and ORF10 of pLME106 are not only of

about the same sizes as their homologous putative proteins on Corynebacterium striatum

plasmid pTP10, but their genes are also similarly arranged. The distance between ytpG and

ytpF on pTP10 is 763 nucleotides (nt) (Tauch et al., 2000). On pLME106, the distance

between the homologous genes orf10 and orf5 is longer (4092 nt) and contains orf9, the

replication genes orf1 and orf2, orf3 and orf4 (ppnA). The G+C content of orf5 is 44% and

therewith the lowest of all orfs on pLME106.

Figure 3-9: Illustration of the similar arrangement of ytpH, ytpG and ytpF on Corynebacterium striatum plasmid
pTP10 and orf8, orf10 and orf5 on pLME106. The end of ytpH is overlapped by the beginning of ytpG by the
same amount of nucleotides as observed for the overlapping orf8 and orf10.

3.1.2.6 ORF7 and ORF9

The aa sequence derived from orf7 has a length of 201 aa. Its nucleotide sequence is located

between the positions 5966 and 6571 on the complement strand. A putative ribosome binding

site is located 5 bp in front of the ATG initiation codon. The nucleotide sequence encoding

ORF9 (212 aa) was also found on the complement strand between positions 700 and 1338 and

is preceded by a putative ribosome binding site 8 bp upstream of the initiation codon ATG.

Searching the databases, no homologous aa sequences to ORF7 and ORF9 of pLME106 were

found, but the codon preferences of their genes were in agreement with the codon preference

of Propionibacterium genes.

pTP10: part of segment VII

ytpH

ytpG

ytpF

tnp1250b

pLME106

orf8

orf10

orf9 orf1 orf2

orf3

orf4

orf5

orf6 orf7
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3.2 Prevalence of pLME106 in Propionibacterium strains

In our laboratory, 7 different Propionibacterium strains were found to carry a 6.9-kb plasmid:

5 P. jensenii strains, 1 P. acidipropinici and 1 P. thoenii strain (figure 3-10). It was shown by

restriction analyses and hybridisation experiments that all these plasmids were identical to

plasmid pLME106. In 4 out of these 7 strains, a second larger plasmid was also detected.

All these strains, with the exception of P. acidipropionici DSM20272, were screened for their

capability to secrete propionicin SM1 (table 3-4). All of the tested strains were capable of

secreting propionicin SM1 (Miescher, 1999; Miescher et al., 2000; Miescher, unpublished)

whose encoding gene is located on pLME106 (3.1.2.3).

Table 3-4: Distribution of 6.9-kb plasmids identical to pLME106 among Propionibacterium strains.

Strain Plasmids of 6.9 kb Existence of a
second plasmid

Colour of the
colonies

Ability to secrete
propionicin SM1(a)

P. jensenii DF1 pLME106 pLME107: 25-30 kb creamy +

P. jensenii DF4 pLME121 none orange-red +

P. jensenii DF8 pLME122 pLME122B: 30-50 kb creamy +

P. jensenii DF9 pLME123 none creamy +

P. jensenii DF10 pLME124 pLME124B: 20-25 kb creamy +

P. acidipropionici
DSM20272

pRGO1(b) none creamy not determined

P. thoenii
NCIMB8902

pLME111 pLME110: 30-50 kb dark red +

(a) Miescher (1999), Miescher et al. (2000) and Miescher (unpublished)
(b) Rehberger and Glatz (1990)
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Figure 3-10: Gelelectrophoresis of the plasmid DNA isolation of 7 Propionibacterium strains, all containing a
6.9-kb plasmid identical to pLME106. Lanes: 1: supercoiled DNA ladder; 2: P. acidipropionici DSM20272; 3:
P. jensenii DF1; 4: P. jensenii DF8; 5: P. jensenii DF10; 6: P. thoenii NCIMB8902; 7: P. jensenii DF4; 8: P.
jensenii DF9.

The two P. jensenii strains DF4 and DF9 bear the same plasmid profile, but the colour of their

colonies is different (see table 3-4) and therefore the strains are not identical. The same

observations was made for P. jensenii DF8 and P. thoenii NCIMB8902. These two strains

differ not only in colour but also belong to different species.

    1   2 3   4 5  6   7 8

chr. DNA

7 kb
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3.3 Curing of Propionibacterium strains from their plasmids

In order to determine functions encoded on plasmids, the method of curing a strain from its

plasmid is often used.

Former experiments to cure Propionibacterium jensenii DF1 from plasmid pLME106 failed

(Stierli, 1998). Meanwhile, plasmid pLME106 was sequenced (3.1) and therewith the first

function encoded on a Propionibacterium plasmid was described (Miescher, 1999; Miescher

et al., 2000).

An observation, which was made when working with P. thoenii NCIMB8902, led to another

curing experiment which is described below (3.3.1). From time to time, creamy mutant

colonies of the dark red P. thoenii NCIMB8902 spontaneously appeared on the agar plates.

Plasmid DNA isolations of P. thoenii NCIMB8902 and of its creamy mutant strain (P. thoenii

NCIMB8902-M) showed that the creamy mutant strain had lost plasmid pLME111, which is

identical to plasmid pLME106 (3.2), but still carried the larger plasmid pLME110. Together

ZLWK�WKH�ORVV�RI�S/0(����DQG�WKH�GDUN�UHG�FRORXU�ZHQW�WKH�ORVV�RI�WKH�DELOLW\�RI� �KHPRO\VLV

(see below, 3.3.1).

In order to determine a possible connection between plasmid pLME106, red coloured

FRORQLHV�DQG�WKH�DELOLW\�RI� �KHPRO\VLV��WKH�RUDQJH�UHG�VWUDLQ�P. jensenii DF4 was tried to be

cured from plasmid pLME121, which is identical to plasmid pLME106. The used method was

curing by an electroporation procedure (2.5). All of the colonies stayed orange-red. About 400

colonies were screened for the absence of plasmid pLME121 by colony hybridisation

experiments. No cured mutants were detected.

3.3.1 Red-coloured P. jensenii strains: is there a plasmid-linkage?

The observation that the appearance of creamy colonies of P. thoenii NCIMB8902 went

together with the loss of plasmid pLME111 (3.3), which is identical to pLME106 (3.2), led to

a small study of the orange and red Propionibacterium strains and some creamy P. jensenii

VWUDLQV��$OO� WKH���� VWUDLQV�ZHUH� VFUHHQHG� IRU� SODVPLGV� DQG� WKHLU� DELOLW\� RI� �KHPRO\VLV�� 7KH

results are presented in table 3-5.

All the known P. thoenii strains form colonies of orange to deep red colour, but only few P.

jensenii strains are of the same colour instead of being creamy-white. In our collection we

have found P. jensenii DF3, DF4 and NCIMB8899, as well as P. thoenii ("rubrum")

'60�������ZKLFK�ZDV� UHFHQWO\� GLVFXVVHG� WR� EH� UHFODVVLILHG� DV� D� �KHPRO\WLF� ELRYDU� RI�P.

jensenii based on a comparison of the sequence of the 16S rRNA (De Carvalho et al. 1995).

The red strain P. jensenii DF4 bears a plasmid identical to pLME106. The question that

resulted from these observations was whether the red colour of the P. jensenii strains was a
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functional property encoded on pLME106 or on any plasmid. Unfortunately , the approach to

cure P. jensenii DF4 from its plasmid did neither result in any creamy colonies nor in any

cured strains at all (3.3). The red strain P. jensenii DF3 is after all the host of two plasmids,

but none of them is identical to pLME106. The red P. jensenii NCIMB8899 does not harbour

any plasmid at all. The only possibility that remains is that a plasmid might have integrated

into the chromosome.

To conclude, no statement can be made about a connection between the red colour of P.

jensenii strains and the appearance of plasmids.

Just by chance we became aware that the orange or red colour of all the strains was positively

FRUUHODWHG�WR�WKHLU�DELOLW\�RI� �KHPRO\VLV�

Table 3-5: Screening of 20 Propionibacterium�VWUDLQV�IRU�SUHYDOHQFH�RI�SODVPLGV�DQG�DELOLW\�RI� �KHPRO\VLV�

Species Strain Colour �+HPRO\VLV Plasmids

P. jensenii DF3 sanguineous positive 8.5 kb; 30-40 kb

P. jensenii DF4 orange-red positive pLME121

P. jensenii NCIMB8899 orange positive none

P. thoenii DSM20275 sanguineous positive none

P. thoenii DSM20276T orange positive none

P. thoenii DSM20277 orange positive none

P. thoenii NCIMB8902 sanguineous positive pLME110, pLME111

P. sp. NCIMB8905 orange positive none

P. sp. MS47 orange positive none

P. cyclohexanicum IAM14535T creamy, translucent negative none

P. freudenreichii
ssp. shermanii

DF2 yellow, brownish negative pLME108

P. jensenii DF1 creamy, yellow negative pLME106, pLME107

P. jensenii DF8 creamy negative pLME122,
pLME122B

P. jensenii DF9 creamy negative pLME123

P. jensenii DF10 creamy negative pLME124,
pLME124B

P. jensenii DSM20535T creamy negative none

P. jensenii DSM20274 creamy negative none

P. jensenii DSM20278 creamy negative none

P. jensenii DSM20279 creamy negative none

P. thoenii NCIMB8902-M creamy negative pLME110
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3.4 Development of a transformation system for propionibacteria

In order to develop Propionibacterium-E. coli shuttle vectors, a Propionibacterium-based

replicon was required. With both the Propionibacterium plasmids pLME106 (this study) and

pLME108 (Dasen, 1998), two promising tools were at hand. For the replication of the vectors

in E. coli, an E. coli replicon such as pUC18 or pGEM-5Zf(+) was also needed. Furthermore,

selectable markers also had to be ligated to the vectors, as for example genes, which confer

antibiotic resistances to the host.

As a recipient for the constructed vectors, the strain Propionibacterium freudenreichii

freudenreichii DSM20271T was chosen. It was successfully transformed by the

Propionibacterium-E. coli shuttle vectors pAMT1, pAMT2, pMPS1 and pMPS9. Other

plasmid constructs such as pLME136, pLME137, pLME138 and pLME142 were only able to

replicate in E. coli.



41 Results

3.4.1 Ineffective Propionibacterium-E. coli plasmid constructs

3.4.1.1 Plasmid pLME137 and pLME138: Ineffective assemblies of Propionibacterium

plasmid pLME106, pGEM-5Zf(+) and the cat gene from Staphylococcus aureus

Plasmids pLME137 and pLME138 were constructed out of Propionibacterium plasmid

pLME106, pGEM-5Zf(+) and the cat gene from the Staphylococcus aureus plasmid pC194 as

described above (2.6.1). Figure 3-11 shows physical maps of these two plasmids. The

difference between pLME137 and pLME138 is the orientation of pGEM-5Zf(+) cloned in

pLME106.

Propionibacterium freudenreichii freudenreichii DSM20271T could not be transformed by

either of these two plasmids when we used the protocols described above (2.4.3).

3.4.1.2 Plasmid pLME136 and pLME142: Ineffective assemblies of Propionibacterium

plasmid pLME106, pGEM-5Zf(+) and the tet(W) gene from a Bifidobacterium strain

Plasmid pLME136 was built out of Propionibacterium plasmid pLME106, pGEM-5Zf(+) and

the tet(W) gene from a Bifidobacterium strain as described in chapter 2.6.2. It has the same

framework as plasmid pLME137, but the tet(W) gene is transcribed in the opposite direction

than the cat gene.

In order to regain the intact orf9, plasmid pLME136 was rearranged into plasmid pLME142.

Vector pGEM-5Zf(+) was cut out of pLME136 (SacII) which was religated, then linearized at

the XhoI site and finally ligated to pGEM-5Zf(+) (SalI). The self ligation after a restriction

with NheI was carried out with the goal to minimise the size of the plasmid construct. This

caused the deletion of orf4 and orf5 and the truncation of orf3 (orf3’). Physical maps of

pLME136 and pLME142 are shown in figure 3-12.

Propionibacterium freudenreichii freudenreichii DSM20271T cells were neither transformed

by pLME136 nor by pLME142.
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Figure 3-11: Physical maps of the ineffective plasmid constructs pLME137 and pLME138: Assemblies of
pLME106, pGEM-5Zf(+) and the cat gene from pC194. F1 ori: Rep region of pGEM-5Zf(+); orf1 and orf2: rep
genes of Propionibacterium jensenii plasmid pLME106; bla��JHQH�FRGLQJ�IRU� �ODFWDPDVH��FRQIHUV�UHVLVWDQFH�WR
ampicillin; cat: gene coding for chloramphenicol-acetyltransferase, confers resistance to chloramphenicol. orf9’:
truncated orf9, emerged because of the insertion of pGEM-5Zf(+).
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Figure 3-12: Physical maps of the ineffective plasmid constructs pLME136 and pLME142: Assemblies of
Propionibacterium jensenii plasmid pLME106, pGEM-5Zf(+) and the tet(W) gene from a Bifidobacterium
strain. F1 ori: Rep region of pGEM-5Zf(+); orf1 and orf2: rep genes of Propionibacterium plasmid pLME106;
bla�� JHQH� FRGLQJ� IRU� �ODFWDPDVH�� FRQIHUV� UHVLVWDQFH� WR� DPSLFLOOLQ�� tet(W): ribosome protection tetracycline
resistance determinant; orf3’: truncated orf3, emerged because of NheI-self ligation of pLME142; orf9’: truncated
orf9: emerged because of the insertion of pGEM-5Zf(+).
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3.4.2 Effective Propionibacterium-E. coli plasmid constructs

3.4.2.1 Effective shuttle vectors pMPS1 and pMPS9: Assemblies of pLME106, pUC18 and

the genes cmx(A) and cml(A)

Propionibacterium-E. coli shuttle vectors pMPS1 and pMPS9 were constructed out of P.

jensenii plasmid pLME106, pUC18 and the genes cmx(A) and cml(A) from Corynebacterium

striatum plasmid pTP10. The way of construction was described above (2.6.3). Plasmid

pLME106 was double-digested by EcoRI and BamHI which did not destruct the Rep region

(orf1 and orf2), orf8, orf9 and orf10. The self ligation after a restriction with NheI partly

destructed orf3 out of which a truncated orf3’ emerged as described before for plasmid

pLME142. Orf10 of pLME106 was destroyed by the insertion of both the cmx(A) and the

cml(A) genes. The only difference between pMPS1 and pMPS9 is the orientation of these two

genes. Figure 3-13 shows the physical maps of pMPS1 and pMPS9.

Propionibacterium freudenreichii freudenreichii DSM20271T was transformed successfully

by pMPS1 and led to chloramphenicol resistant transformants. The transformation by

electroporation with pMPS9 also resulted in transformants, but pMPS9 was partly degraded

into smaller plasmid derivatives (3.4.3.3).

3.4.2.2 Effective shuttle vectors pAMT1 and pAMT2: Assemblies of pLME108, pUC18 and

the genes cmx(A) and cml(A)

Propionibacterium-E. coli shuttle vectors pAMT1 and pAMT2 (figure 3-14) were constructed

in our laboratory under my supervision (Theiler, 2001) out of P. freudenreichii shermanii

plasmid pLME108 (Dasen, 1998), pUC18 and the genes cmx(A) and cml(A) from

Corynebacterium striatum plasmid pTP10. The way of construction was described before

(2.6.4) (Theiler, 2001). Plasmid pLME108 (Dasen, 1998) was completely inserted into

pUC18. Orf1 is a rep gene of the rolling circle mechanism type and orf2 is a gene of unknown

function. The orientation of the three parts of the two vectors is completely different from

each other.

The transformation of Propionibacterium freudenreichii freudenreichii DSM20271T by

pAMT1 and pAMT2 was successful and led to chloramphenicol resistant transformants.
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Figure 3-13: Physical maps of the effective plasmid constructs pMPS1 and pMPS9. The Rep region of pUC18 is
highlighted, orf1 and orf2 build the Rep region of Propionibacterium plasmid pLME106. orf3’: truncated orf3,
emerged from NheI-self ligation; bla�� JHQH� FRGLQJ� IRU� �ODFWDPDVH�� FRQIHUV� UHVLVWDQFH� WR� DPSLFLOOLQ�� cmx(A):
gene coding for chloramphenicol efflux protein, confers resistance to chloramphenicol; cml(A): gene of unknown
function, might take part in the induction of the cmx(A) gene activity.
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Figure 3-14: Physical maps of the effective plasmid constructs pAMT1 and pAMT2. The Rep region of pUC18
is highlighted, orf1 is the rep gene of Propionibacterium freudenreichii shermanii plasmid pLME108. bla: gene
FRGLQJ� IRU� �ODFWDPDVH�� FRQIHUV� UHVLVWDQFH� WR� DPSLFLOOLQ�� cmx(A): gene for chloramphenicol efflux protein,
confers resistance to chloramphenicol; cml(A): gene of unknown function, might take part in the induction of the
cmx(A) gene activity.
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3.4.3 DNA transformation of propionibacteria

Cells of Propionibacterium freudenreichii freudenreichii DSM20271T were harvested after 18

hours of incubation (2.4.3.1). The optical density of the liquid cultures at 703 nm ranged from

0.6 to 1.5. Transformants were obtained with all of these competent cells.

No clumping of the competent cells was detected either before or after electroporation. Time

constants of the electroporation ranged from 2.8 ms to 4.5 ms.

Transformants were detected on selective solid medium after 10-14 days. The usual duration

for growing Propionibacterium colonies is 5-7 days. No spontaneous mutants were found on

the selective agar plates which served as a control. The bla gene of pUC18 was not expressed

by the Propionibacterium transformants. Therefore, they did not grow both on solid and in

liquid medium containing ampicillin.

3.4.3.1 Transformation of Propionibacterium with plasmid DNA isolated from E. coli

Transformation of Propionibacterium freudenreichii freudenreichii DSM20271T with plasmid

DNA gained from E. coli strains was rather inefficient. The plasmids were either isolated

from E. coli XL1-Blue or E. coli JM110 (dam, dcm) cells, details are shown in table 3-6. The

amounts of the isolated and therefore utilised DNA from E. coli varied very much. To

transform P. freudenreichii freudenreichii DSM20271T, usually 1 µl of DNA was used. At the

initial experiments, Propionibacterium-E. coli shuttle vector pBRESP36B2 (gift from N. van

Luijk) served as a positive control in order to check whether the Propionibacterium cells were

competent (data not shown).

Table 3-6: Transformation of P. freudenreichii freudenreichii DSM20271T with plasmid DNA isolated from E.
coli: Amount of utilised DNA and number of resulting transformants gained from at least 3-5 independent
experiments.

Plasmid Host Amount
of DNA

Absolute number of
Propionibacterium

transformants

Transformation rate per
J�'1$

pLME137 E. coli XL1-Blue 900 ng none none

pLME138 E. coli XL1-Blue 700 ng none none

pLME136 E. coli XL1-Blue 300 ng none none

pLME142 E. coli XL1-Blue 500 ng none none

pLME142 E. coli JM110 100 ng none none

pAMT1 E. coli JM110 5000 ng 10-15 2-3

pAMT2 E. coli JM110 50 ng 10-80 200-1600

pMPS1 E. coli JM110 1000 ng 1-5 1-5

pMPS9 E. coli XL1-Blue 450 ng none none

pMPS9 E. coli JM110 100 ng 1-2 10-20
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Transformants of P. freudenreichii freudenreichii DSM20271T were only gained with plasmid

vectors pAMT1, pAMT2, pMPS1 and pMPS9. The highest number of transformants was

received with vector pAMT2. Transformants with pMPS9 occurred only when plasmid DNA

isolated from the dam and dcm deficient strain E. coli JM110 was utilised. Best

transformation efficiencies were obtained when small amounts of DNA (�����QJ��ZHUH�WDNHQ

for the transformation experiment.

3.4.3.2 Confirmation of recombinant plasmids in Propionibacterium transformants

Plasmid DNA of all or at least 10 Propionibacterium transformants per transformation, which

had grown on selective media, were reisolated and their sizes and restriction patterns were

compared with the original plasmids. In addition, Southern hybridisation experiments

confirmed that the plasmids had not integrated in the chromosome. Plasmids pAMT1,

pAMT2 and pMPS1 could all be confirmed this way. In figure 3-15, the confirmation of

pAMT1, isolated from a Propionibacterium transformant, is shown. In part A) of figure 3-15,

the identical restriction pattern of pAMT1 isolated from E. coli JM110 and from a

Propionibacterium transformant can be recognised. Part B) of figure 3-15 shows the

hybridisation of pAMT1 isolated from the Propionibacterium� WUDQVIRUPDQW� ZLWK� �32P-

labelled pAMT1 isolated from E. coli JM110. The supercoiled DNA ladder and the KiloBase

'1$�PDUNHU� K\EULGLVHG�SDUWO\� ZLWK� WKH� �32P-labelled pAMT1, because the DNA of these

markers contain parts of pUC18.

The confirmation data of pMPS1 and pAMT2 are not shown. The results of pMPS9 are

described below (3.4.3.3).
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A)

B)

Figure 3-15: Southern hybridisation analysis of vector DNA of pAMT1 (6.3 kb) isolated from E. coli JM110
and from a P. freudenreichii freudenreichii DSM20271T transformant. A) 1% agarose gel stained with ethidium
EURPLGH��%��$XWRUDGLRJUDSK\� RI�PHPEUDQH�ERXQG�'1$� WKDW� K\EULGLVHG� ZLWK� �32P-labelled pAMT1 isolated
from E. coli JM110. Lanes: 1: supercoiled DNA ladder (Promega); 2: pAMT1 from E. coli JM110; 3: pAMT1
from P. freudenreichii freudenreichii DSM20271T; 4: KiloBase DNA marker; 5: pAMT1 from JM110 restricted
with HincII; 6: pAMT1 from DSM20271T restricted with HincII; 7: pAMT1 from JM110 restricted with EcoRI;
8: pAMT1 from DSM20271T restricted with EcoRI; 9: pAMT1 from JM110 restricted with SacI; 10 pAMT1
from DSM20271T restricted with SacI; 11: KiloBase DNA marker; 12: pAMT1 from JM110 restricted with
SacII; 13: pAMT1 from DSM20271T restricted with SacII; 14: pAMT1 from JM110 restricted with AvaI; 15:
pAMT1 from DSM20271T restricted with AvaI.
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3.4.3.3 Degradation of pMPS9 in P. freudenreichii freudenreichii DSM20271T

When plasmid DNA was reisolated out of Propionibacterium transformants from the

transformation with pMPS9 (8.2 kb), only small plasmids of 4-5 kb were obtained (Theiler,

2001). The smallest of these degenerated plasmids was chosen for further analysis. It was

designated plasmid pMPS9-D1. As a first step, restriction analyses with pMPS9-D1 were

performed and a Southern hybridisation experiment confirmed its relatedness to pMPS9 (data

not shown). A second hybridisation experiment gave evidence of the loss of pUC18 in

pMPS9-D1 (figure 3-15). In part A) of figure 3-16, identical fragments of the restriction

analysis of pMPS9 and of pMPS9-D1 are clearly recognisable. Part B) of figure 3-15 shows

ZHOO��WKDW�S036��'��QHYHU�K\EULGLVHG�ZLWK� �32P-labelled pUC18, whereas of pMPS9, only

the fragments containing pUC18 gave a signal. The supercoiled DNA ladder and the KiloBase

'1$�PDUNHU� K\EULGLVHG� SDUWO\� ZLWK� WKH� �32P-labelled pUC18, because the DNA of these

markers contain parts of pUC18.

Further restriction analyses showed that only one half of the plasmid was left over carrying

the Rep region of pLME106, orf9 and the cmx(A) gene. A part of the cml(A) gene was

disturbed and orf8 was missing as well. To demonstrate these results, the missing restriction

enzyme sites of pMPS9 on pMPS9-D1 are cancelled in figure 3-17.

Theiler (2001) showed furthermore by PCR experiments that other isolated degenerated

plasmids of pMPS9 missed major parts of the same region.
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A)

B)

Figure 3-16: Southern hybridisation analysis of vector DNA of pMPS9 (8.2 kb), isolated from E. coli JM110,
and of its derivative pMPS9-D1 (§���NE��� LVRODWHG�IURP�D�Propionibacterium transformant. A) 1% agarose gel
VWDLQHG� ZLWK� HWKLGLXP� EURPLGH�� %�� $XWRUDGLRJUDSK\� RI� PHPEUDQH�ERXQG� '1$� WKDW� K\EULGLVHG� ZLWK� �32P-
labelled pUC18. Lanes: 1: supercoiled DNA ladder (Promega); 2: pMPS9; 3: pMPS9-D1; 4: KiloBase DNA
marker (Amersham Pharmacia Biotech); 5: pMPS9, restricted with ApaI; 6: pMPS9-D1, restricted with ApaI; 7:
pMPS9, restricted with SacI; 8: pMPS9-D1, restricted with SacI; 9: pMPS9, restricted with PvuII; 10: pMPS9-
D1, restricted with PvuII; 11: KiloBase DNA marker; 12: pMPS9, restricted with EcoRI; 13: pMPS9-D1,
restricted with EcoRI; 14: pMPS9, restricted with XhoI; 15: pMPS9-D1, restricted with XhoI; 16: pMPS9,
restricted with PstI; 17: pMPS9-D1, restricted with PstI; 18: pMPS9, restricted with NheI; 19: pMPS9-D1,
restricted with NheI; 20: KiloBase DNA marker.
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Figure 3-17: Physical map of pMPS9. The cancelled restriction sites are the missing ones on the plasmid
derivative pMPS9-D1 (see figure 3-16, part A). Either both framed EcoRI sites still exist or one of them may be
lost on pMPS9-D1.
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3.4.3.4 Transformation of Propionibacterium with plasmid DNA isolated from

Propionibacterium transformants

Plasmid DNA was isolated from the Propionibacterium freudenreichii freudenreichii

DSM20271T transformants gained as described above (3.4.3.1). This included plasmids

pATM1, pAMT2, pMPS1 and pMPS9-D1 (3.4.3.3). When P. freudenreichii freudenreichii

DSM20271T was transformed with this DNA, much better transformation efficiencies were

obtained than with DNA isolated from E. coli (3.4.3.1). A comparison of the results is given

in table 3-7.

Table 3-7: Transformation efficiency of Propionibacterium cells depending on the host of the utilized plasmid
DNA.

1XPEHU�RI�WUDQVIRUPDQWV��&)8��SHU� J�RI�'1$(a)

pAMT1 pAMT2 pMPS1 pMPS9-D1

Plasmid DNA reisolated from
Propionibacterium
transformants

���9 ���8 ���8 ���7

Plasmid DNA isolated from
E. coli JM110 transformants

2-3 200-1600 1-5
10-20

(pMPS9)

(a) Results from 3-5 independent experiments.

3.4.4 Transformation of E. coli with vector DNA reisolated from Propionibacterium

transformants

In order to prove the suitability of the constructed vectors as Propionibacterium-E. coli

shuttle vectors, E. coli JM110 and E. coli XL1-Blue were transformed with DNA reisolated

from Propionibacterium transformants.

E. coli JM110 was transformed with such DNA of pAMT1, pMPS1 and pMPS9-D1 and

transformants were selected on the appropriate solid medium containing 60 µg/ml ampicillin

and 10 µg/ml chloramphenicol. This resulted in only one transformant each for pAMT1 and

pMPS1. The transformation of E. coli JM110 with pMPS9-D1 (3.4.3.3) did not result in any

transformants as expected.

When transforming E. coli XL1-Blue with DNA of pAMT1, numerous transformants were

obtained.
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3.4.5 Minimum inhibitory concentration (MIC) of antibiotics of E. coli and

Propionibacterium transformants

3.4.5.1 Estimated minimum inhibitory concentrations (MIC) of chloramphenicol of

Propionibacterium  transformants and their corresponding E. coli  transformants

Propionibacterium transformants and the corresponding E. coli transformants, which

harboured either pAMT1, pAMT2, pMPS1 or pMPS9 or pMPS9-D1 respectively, were

assayed for their minimum inhibitory concentration of chloramphenicol by the E-test in order

to verify the expression of the cmx(A) gene. The non-transformed recipient strains E. coli

JM110 and P. freudenreichii freudenreichii DSM20271T were also probed. The results are

listed in table 3-8.

Table 3-8: Minimum inhibitory concentration of chloramphenicol of Propionibacterium and E. coli
transformants harbouring different vectors and of the non-transformed recipient strains.

MIC(a) of chloramphenicol of the transformants (µg/ml)

Recipient strain pAMT1 pAMT2 pMPS1 pMPS9
pMPS9-D1

none

P. freudenreichii freudenreichii
DSM20271T 4-6 16-24 6-12 12-16 0.047-0.064

E. coli JM110 ���� ���� ���� ���� 2-3

(a) MIC: minimum inhibitory concentration according to the E-test.

It is obvious that the minimum inhibitory concentrations (MIC) of chloramphenicol of both

Propionibacterium and E. coli transformants were augmented by about 100 fold considering

the MICs of the non-transformed recipient strains. Therefore it can be said that the cmx(A)

gene was well expressed in all the transformants. The different MICs of the P. freudenreichii

freudenreichii DSM20271T transformants shall not be overestimated. In order to illustrate

these results, it shall be mentioned at this place that the concentration of chloramphenicol

used in the solid agar plates to select Propionibacterium transformants was 10µg/ml.
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3.4.5.2 Estimated minimum inhibitory concentrations (MIC) of E. coli transformants,

harbouring plasmid constructs proven to be ineffective in transformation of

Propionibacterium

E. coli JM109 was transformed with pLME137 and pLME138 in order to be able to test the

expression of the cat gene as well as with pLME136 and pLME142 to prove the expression of

the tet(W) gene. The minimum inhibitory concentrations (MICs) of the corresponding

antibiotics were determined by E-test and compared to the non-transformed recipient strain E.

coli JM109 (table 3-9 and table 3-10).

Table 3-9: Minimum inhibitory concentration of chloramphenicol of E. coli JM109 transformants harbouring
pLME137 or pLME138 (cat) and of the non-transformed recipient strain.

MIC(a) of chloramphenicol of the transformants (µg/ml)
Recipient strain

pLME137 pLME138 not transformed

E. coli JM109 ���� 12-16 4-12
(a) MIC: minimum inhibitory concentration.

Table 3-10: Minimum inhibitory concentration of tetracycline of E. coli JM109 transformants harbouring
pLME136 or pLME142 [tet(W)] and of the non-transformed recipient strain.

MIC(a) of tetracycline of the transformants (µg/ml)
Recipient strain

pLME136 pLME142 not transformed

E. coli JM109 32-48 12-24 1.5-2
(a) MIC: minimum inhibitory concentration.

Considering the results, it can be assumed that the cat gene on pLME138 was not expressed

in E. coli JM109 at all. On the other hand, the cat gene on pLME137 was well expressed in

the same host background.

Acquisition of pLME136 or pLME142 led to a 10-20 fold augmentation of the minimum

inhibitory concentration of tetracycline of the corresponding E. coli JM109 transformants.

Propionibacterium freudenreichii freudenreichii DSM20271T revealed a minimum inhibitory

concentration of tetracycline of 0.047 µg/µl. Therefore, the concentration of tetracyclines in

WKH�VHOHFWLYH�PHGLXP����� J�PO��ZDV�SUREDEO\�WRR�KLJK�DW�WKH�WUDQVIRUPDWLRQ�H[SHULPHQWV�
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3.4.6 Stability of Propionibacterium-E. coli shuttle vectors pAMT1, pAMT2 and

pMPS1 and of Propionibacterium vector pMPS9-D1

Propionibacterium transformants containing pMPS1, pMPS9-D1, pATM1 or pAMT2 were

cultivated for 21 generations in medium lacking chloramphenicol and subsequently plated on

NL agar plates with or without chloramphenicol. No difference in the number of colonies was

detected for pMPS1, pAMT1 and pAMT2 in the presence or absence of chloramphenicol.

This finding indicates that the vectors are stably maintained. In the case of pMPS9-D1, only

106 instead of 109 colony forming units had grown on the selective medium, which means that

only 1 out of 1000 transformants could keep pMPS9-D1. Furthermore it underlines the

decrease stability of pMPS9 and its derivatives, which we described earlier (3.4.3.3).

In addition, structural stability was studied by cultivation in selective medium for about 21

generations. All Propionibacterium transformants with pAMT1, pAMT2, pMPS1 or pMPS9-

D1 showed no decrease of their growth rate.

These examinations were all done by Theiler (2001) under my supervision.

3.4.7 Deletion of pUC18 in pAMT1 and pMPS1

The bla gene and the Rep region of pUC18 were cut out from Propionibacterium-E. coli

shuttle vectors pAMT1 and pMPS1. Plasmid construct pAMT1 was double-digested with the

compatible restriction enzymes AsnI and NdeI and religated (Theiler, 2001), which resulted in

pAMT1-D1. Plasmid construct pMPS1 was digested with PvuII and religated which resulted

in pMPS1-D1. Propionibacterium freudenreichii freudenreichii DSM20271T was

successfully transformed with pAMT1-D1 and pMPS1-D1, which clearly shows that both

Propionibacterium replicons are functional in the Propionibacterium background.

There was an attempt to transform E. coli XL1-Blue with pAMT1-D1, but no transformants

resulted (Theiler, 2001).

3.5 Transformation of corynebacteria with pLME136, pLME137,

pLME138 and pLME142

In order to control their ability of replication, our vector constructs were tested in an already

well established transformation system for bacteria of a similar background. Therefore, we

tried to transform competent cells of Corynebacterium glutamicum ATCC13032 by plasmids

pLME136, pLME137, pLME138 and pLME142. No transformants were ever obtained.

Corynebacterium-E. coli shuttle vector pEC-K18mob2 served as a positive control for the

system.
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4 Discussion

4.1 Determination of the nucleotide sequence of plasmid pLME106

The nucleotide sequence of plasmid pLME106 from Propionibacterium jensenii DF1 was

determined for two reasons. First, this plasmid seemed to be widespread among

propionibacteria (Rehberger and Glatz, 1990; Miescher et al., 2000; this study), which

presented it as an interesting candidate for the development of a Propionibacterium replicon-

based transformation system. Furthermore, it was assumed that the gene of propionicin SM1

might be located on pLME106 (Miescher 1999).

The nucleotide sequence of pLME106 from P. jensenii DF1 was deposited at the GenEMBL

database (acc. no. AJ250233) (Miescher et al., 2000). It proved to be 100% identical to the

sequence of P. acidipropionici E214 plasmid pRGO1 (acc. no. AB007909) (Kiatpapan et al.,

2000 & 2001). The results of pRGO1 had first been presented in 1997 at the Annual Meeting

of the Society for Fermentation and Bioengineering, Tokyo (Kiatpapan et al., 1997) and were

released on the GenEMBL database on November 15, 2000. The data had not been available

earlier for the scientific community and were published after we had already presented our

results of plasmid pLME106 (Miescher et al., 2000).

The possibility of a relation between pRGO1 from P. acidipropionici DSM20272 and

pLME106 was mentioned earlier (Miescher et al., 1998; Meile et al., 1999; Miescher et al.,

2000). Restriction patterns were identical and hybridisation experiments resulted in positive

signals. The only difference was that pRGO1 seemed to lack the PstI restriction site

(Rehberger and Glatz, 1990). If plasmid DNA of pRGO1 was isolated from P. acidipropionici

strain DSM20272, PstI would not cut which might be due to a specific DNA methylation

system of P. acidipropionici DSM20272.

Plasmid pRGO1 seems to be widespread among propionibacteria. It had first been isolated by

Rehberger and Glatz (1990) from three P. freudenreichii strains, two P. jensenii strains and

five P. acidipropionici strains, among them ATCC4875 (=DSM20272) and E214. It was the

only plasmid found to be present in both the P. acidipropionici and P. freudenreichii strains.

From P. jensenii 13 it was isolated together with pRGO5, a plasmid of about 50 kb. In our

laboratory, plasmid pLME106 was isolated from 5 different P. jensenii strains and from one

P. thoenii strain. P. thoenii NCIMB8902 as well as three of the P. jensenii strains also

harboured a second, larger plasmid (table 3-4; figure 3-10). To summarise, plasmid

pLME106/pRGO1 has been isolated so far from four different Propionibacterium species and

therefore its role to be part of a Propionibacterium-E. coli shuttle vector seemed to be

destined. In addition, the features of pLME106 or pRGO1 shall not be discussed as typical of

a P. jensenii or P. acidipropionici plasmid because this plasmid has been isolated as well

from P. freudenreichii strains and from one P. thoenii strain.
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Plasmid pLME106 (pRGO1) is 6868 bp long. Therewith it has been the biggest sequenced

Propionibacterium plasmid so far. The smallest so far sequenced Propionibacterium plasmid

pLME108 from P. freudenreichii DF2 has a size of 2051 bp, whereas p545 from P.

freudenreichii LMG16545 revealed 3555 bp. Its G+C content of 65.3% in the DNA lays

within the values for dairy propionibacteria which are 64-68% (Vorobjeva, 1999). Still, the

G+C content of pLME106 is slightly higher than the G+C contents of pLME108 (63.7%) and

p545 (62.8%).

A profile of the G+C content of pLME106, calculated over the whole length, can be seen in

figure 4-1. This graphic was calculated by the Omiga programme from Oxford Molecular Ltd.

It is obvious, that the G+C content is not constant over the whole length of pLME106. A

maximum of the G+C content occurs within the region of orf9 (Pos. 700-1338; G+C: 76%).

Orf4 and orf5 (Pos. 4051-5053) build the region of low G+C content (44-51%). This suggests

that pLME106 is a composite plasmid. It seems as if the genes of propionicin SM1 (orf4) and

orf5, encoding a putative transmembrane protein, derived from an organism harbouring a

different G+C content in its genome.

Figure 4-1: Profile of the G+C content of plasmid pLME106 from Propionibacterium jenseni, calculated by the
Omiga programme from Oxford Molecular Ltd.
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4.2 Prediction of open reading frames on pLME106

Ten open reading frames were predicted for plasmid pLME106, but only six open reading

frames for pRGO1 (Kiatpapan et al., 2000). The six open reading frames (ORFs) of pRGO1,

designated ORF1 to ORF6, had been predicted by a computer frame analysis based on the

G+C content of the three triplet positions of the genes of microorganisms with genomes rich

in G+C (Bibb et al., 1984). Following the same strategy, the six corresponding ORFs on

pLME106, ORF1, ORF2, ORF6, ORF7, ORF8 and ORF9, as well as ORF3, were detected.

The prediction was done using the programmes "codon preference" and "codon frequency"

from the GCG package. ORF4 was identified because of its identity to the N-terminal amino

acid sequence of propionicin SM1. ORF5 and ORF10 were found when plasmid pLME106

was compared to the Corynebacterium striatum plasmid pTP10 (Tauch et al., 2000). Except

from ORF7 and ORF9, all the ORFs revealed homologies to identified or at least putative

proteins (table 3-1). Our detection of ORF4, ORF5 and ORF10 clearly demonstrated the

rather limited approach guided by the codon frequency which neglects horizontal gene

transfer from "low G+C" organisms.

4.2.1 Putative theta replication of pLME106

ORF1 revealed best identities to Brevibacterium linens Rep proteins: Rep(A) of pLIM (acc.

no. AY004211) and ORF310 of pRBL1 (acc. no. U39878). This discovery does not astonish

very much, because brevibacteria and propionibacteria belong both to the order

Actinomycetales of the class Actinobacteria (Stackebrandt et al., 1997) and are therefore

closely related. In addition, Brevibacterium sp. and Propionibacterium sp. are both used in

cheese manufacturing and might therefore often get in contact with each other, which could

facilitate the horizontal exchange of genetic material. High identities were also revealed with

Rep proteins of plasmids from Rhodococcus rhodochrous, Corynebacterium glutamicum,

Bifidobacterium longum and Mycobacterium fortuitum. All these bacteria belong to the

subclass Actinobacteridae of the class Actinobacteria and to the subdivision of Gram-positive

bacteria with a high G+C content (Olsen et al., 1994), which is higher than 55% (Woese,

1987). It was surprising that ORF1 of pLME106 revealed higher homology with the Rep

protein of pColE7-K317 from Escherichia coli (Gram-negative), than with the Rep protein of

Propionibacterium plasmid p545.

However, all the above mentioned Rep proteins show motifs typical of theta replicating

plasmids (Bruand et al., 1993; Ankri et al., 1996c). The Rep proteins of ColE type plasmids,

of which pColE7-K317 is a typical representative, are trans-acting factors required for

autonomous replication (Yasueda et al., 1989). Similar results were also presented for
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Mycobacterium fortuitum plasmid pAL5000 (Stolt and Stoker, 1996a), whose Rep protein is

closely related to ORF1 of pLME106.

ORF2 of plasmid pLME106, which seems to be translationally coupled with ORF1, is also

assumed to take part in the replication. It revealed homologies to proteins, which are

organised the same way with the trans-acting Rep proteins and were proven to be necessary

for replication. The best examined plasmid of this group so far has been pAL5000 from

Mycobacterium fortuitum (Rauzier et al., 1988; Labidi et al., 1992; Stolt and Stoker, 1996a &

1996b). Its RepB protein (ORF2) was shown in vitro to bind specifically to a region of

pAL5000 containing the origin of replication, which causes the initiation of replication (Stolt

and Stoker, 1996b). Rauzier et al. (1988) had reported earlier a characteristic helix-turn-helix

motif on RepB, typical of DNA binding regulatory proteins. Such a motif was also found in

ORF2 of pRGO1 (pLME106) and already documented and extensively discussed by

Kiatpapan et al. (2000). Transformation experiments with pMB1 from Bifidobacterium

longum also showed that both ORF1 and ORF2 are necessary for plasmid replication (Rossi et

al., 1996). Therefore it shall be stated here, that pLME106 is a plasmid of the theta replication

mode, in which at least ORF1 and ORF2 are involved.

ORF3, whose gene lays just downstream from orf2, might also play a role in the replication of

pLME106. At least, ORF3 revealed homologies to unidentified proteins on pKA22, p545 and

pLIM, whose genes are similarly arranged on these plasmids. Kiatpapan et al. (2000) reported

that deletion of an AT-rich region downstream of orf2 had not interfered with the replication

of the plasmid, but precise data were not shown.

Kiatpapan et al. (2000) tried to detect the origin of replication (ori) of pRGO1 by examination

of the plasmid DNA and by a deletion experiment. Usually the plasmid ori region is located

in an AT-rich region. In pRGO1 they found two AT-rich regions. Deletion of the region

downstream of orf2 had no effect on replication. Orf6, which lays upstream from orf 1 and

orf2 may play a role in plasmid replication, as reported in the case of a shuttle vector used for

shuttling between Mycobacterium (pAL5000) and E. coli cells (Stolt and Stoker, 1996b).

Finally, Kiatpapan et al. (2000) could not localise the ori of pRGO1 (pLME106) precisely.

It is obvious that all the theta replicating plasmids reported here, which are harboured by

bacteria of the class Actinobacteria, are of a quite small size (table 4-1). A possible

explanation for this observation might be, that DNA sequences of large plasmids of these

species have not been available yet. In addition, it was already stated by Jannière et al. (1993)

that the theta replication mode was not associated only with large plasmids. In contrast,

elements for rolling circle replication mechanisms had never been found in large plasmids.
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Table 4-1: Size of plasmids from Actinobacteria, replicating by the theta mode.

Plasmid Origin Size Acc. no.

pLME106 Propionibacterium jensenii 6868 bp AJ250233

pRGO1 P. acidipropionici 6868 bp AB007909

p545 P. freudenreichii 3555 bp AF291751

pAL5000 Mycobacterium fortuitum 4821 bp M23557

pMB1 Bifidobacterium longum 1847 bp X84655

pLIM Brevibacterium linens 7610 bp AY004211

pKA22 Rhodococcus rhodochrous 4969 bp AF165152

pXZ10142 Corynebacterium glutamicum 2444 bp X72691

To summarise, both types of replication observed for plasmids of Gram-positive bacteria are

present in propionibacteria. Two of the three sequenced different Propionibacterium plasmids

replicate by the theta replication mode (pLME106/pRGO1 and p545) (table 4-1). The smallest

of the sequenced Propionibacterium plasmids, pLME108 with a size of 2051 bp, was

assumed to replicate by the rolling circle replication mode (Dasen, 1998). Another

Propionibacterium plasmid, pRGO2 (Rehberger and Glatz, 1990) might also use the theta

mode for its replication. The region that comprises the earlier described identical order of

restriction enzyme recognition sites conserved between plasmids pRGO1 and pRGO2

encodes the two ORFs responsible for the theta replication of pRGO1/pLME106, as well as

orf6 (orf9 on pLME106), orf5 (orf8 on pLME106) and orf10 of pLME106. As discussed

above, orf6 of pRGO1 might contain the ori region of pRGO1/pLME106.

In conclusion, both the theta replication mode and the rolling circle replication mode are

proposed for Propionibacterium plasmids. Furthermore, the assumed Rep region of

pLME106/pRGO1 seems functional in four dairy Propionibacterium species since this

plasmid had been detected in representatives of all of them (4.1).

4.2.2 Propionicin SM1: The first described function encoded by a

Propionibacterium plasmid

Due to experimental data, propionicin SM1 is the first function proposed to be encoded by a

Propionibacterium plasmid. Its bactericidal activity against Propionibacterium jensenii

DSM20274 was found in all Propionibacterium strains harbouring plasmid pLME106 with

the exception of P. acidipropionici DSM20272, which had not been tested. Rehberger and

Glatz (1990) had not detected any bactericidal activity in the Propionibacterium strains

harbouring pRGO1 (pLME106), which does not surprise, since P. jensenii DSM20274 was

not among the indicator strains.
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The gene of ORF5, a putative protein of unknown function, lays just downstream from orf4

(gene encoding propionicin SM1), and its gene also has a low G+C content (44%). The three

predicted transmembrane helices of ORF5 suggest that this protein might be involved in the

excretion of propionicin SM1. On the other hand, orf5 seems to build a system together with

orf8 and orf10 which are located just on the other (high G+C) side of plasmid pLME106

(figure 3-9).

4.2.3 Hypothetical functions of ORF6, ORF7, ORF8 and ORF10 on pLME106

The amino acid sequence homology of ORF6 to various DNA invertases suggests that orf6 of

pLME106 encodes a recombinase. Since the effective shuttle vector pMPS1 does not contain

orf6 as well as orf7, ORF6 and ORF7 are not essential for plasmid replication.

The functions of orf8 and orf10 remain unknown. When the chloramphenicol resistance gene

was ligated to the shuttle vector pMPS1, orf10 was destroyed which did not seem to have any

effect on the replication of the vector. The fact that orf8 is pretty certainly also present on

pRGO2 (see above) might demonstrate the necessity of this gene for the replication system,

which was also assumed by Kiatpapan et al. (2000) for pRGO1. In contrast, when plasmid

pMPS9 was degenerated by Propionibacterium freudenreichii freudenreichii DSM20271T,

orf8 was cut out and plasmid replication was not hampered. The deleted plasmid pMPS9-D1

was not stable in P. freudenreichii freudenreichii DSM20271T, which might indicate that orf8

bears a function in copy number control or stability maintenance of the plasmid.

It is not an established fact, that orf8 and orf10 have ever been separated from orf5 (figure 3-

9). Maybe they have never belonged together, and the similar arrangement of the homologous

genes on Corynebacterium striatum plasmid pTP10 is a coincidence. The codon preference of

orf5 fits much better with the one of orf4 (ppnA) than with that of orf8 and orf10, which is a

codon preference typical of Propionibacterium genes. This is another indication that orf5

might rather be involved in the excretion of propionicin SM1.

4.3 Red colour of P. jensenii strains is not linked to plasmid presence

A plasmid-linkage of the red or orange colour of some P. jensenii strains was not evident.

Instead, a connection of the "red" colour of P. thoenii and P. jensenii strains with the ability

RI� �KHPRO\VLV�ZDV�GHWHFWHG�

It has been known for a long time that P. thoenii strains and "1 out of 13 P. jensenii" strain are

�KHPRO\WLF��&XPPLQV�DQG�-RKQVRQ���������EXW�WKLV�REVHUYDWLRQ�KDV�QHYHU�EHHQ�FRQQHFWHG�VR

far with the red colour of the strains. Vorobjeva (1999) stated that P. jensenii ATCC4868

� '60�������LV� �KHPRO\WLF��EXW�WKLV�FRXOG�QRW�EH�YHULILHG�LQ�WKLV�VWXG\�
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4.4 Transformation of corynebacteria

The attempt to transform Corynebacterium glutamicum ATCC13032 with pLME136,

pLME137, pLME138 and pLME142 yielded no transformants. This is not surprising, because

no Propionibacterium transformants were obtained with these plasmid constructs either. If

necessary, there would be a better chance of transforming corynebacteria with the effective

Propionibacterium-E. coli shuttle vectors pMPS1, pAMT1 and pAMT2, not only because of

the origin of the chloramphenicol resistance gene from Corynebacterium striatum. The

Brevibacterium linens replicon of plasmid pRBL1, which revealed high homology to the

replicon of plasmid pLME106 and therefore pMPS1, was proven to be functional in

Corynebacterium glutamicum (Ankri et al., 1996c).

4.5 Establishment of a transformation system for propionibacteria

To develop a transformation system for propionibacteria, a replication system from a

Propionibacterium plasmid and an appropriate selective marker are required. With both the

Propionibacterium plasmids pLME106 and pLME108, which had been studied in our

laboratory extensively, the premises seemed promising. pLME106 from a P. jensenii strain

and pLME108 from a P. freudenreichii strain are both rather small plasmids and should make

possible to cover a broad host range of the transformation system in development. In addition,

their two different replication systems seemed to expand the possibilities. The decisions to use

pUC18 as the E. coli specific replicon and the chloramphenicol resistance gene cmx(A) from

Corynebacterium glutamicum as a selective marker led to success. From pLME106 emerged

the Propionibacterium-E. coli shuttle vector pMPS1 and from pLME108 the two effective

vectors pAMT1 and pAMT2.

4.5.1 Vector construction

Several attempts to transform propionibacteria with different vector constructs were carried

out until the breakthrough with pMPS1, pAMT1 and pAMT2 was achieved. Their success is

based on both the right selective marker and the way of construction. The small size of

pLME108 (2051 bp) led to the smallest ever constructed Propionibacterium-E. coli shuttle

vectors pAMT1 and pAMT2 (6.3 kb), which is certainly an obvious advantage of these

vectors. Plasmid pLME106 was cut down by deletion of orf4 (ppnA), orf5, orf6 and a part of

orf7 which resulted finally in pMPS1. This vector (8.2 kb) is of about the same size as

pPK705 from Kiatpapan et al. (2000) and as pBRESP36B1 and pBRESP36B2 from Jore et al.

(2001).



Discussion 64

To insert a chloramphenicol resistance gene, cmx(A) from Corynebacterium striatum plasmid

pTP10 was suggested by Jore et al. (2001), who had tested several antibiotic resistance genes

as selective markers. According to their examinations, a high G+C content of the gene was

rather important. Similar observations may have been made by Kiatpapan et al. (2000), who

used the "high G+C" hygB gene from Streptomyces hygroscopicus as a selective marker on

pPK705. The G+C content of cmx(A) is 63% which fits well with the G+C content of

Propionibacterium genes. The expression of the cmx(A) gene in Propionibacterium was good.

Still, we might have got more transformants if the concentration of chloramphenicol had been

reduced from 10 µg/µl to 5 µg/µl in the solid medium. To our astonishment, the cmx(A) gene

was perfectly expressed in E. coli JM110. The role of the cml(A) gene, which lays just

upstream from the cmx(A) gene is not clear. It was assumed that it took part in the induction

of the cmx(A) gene activity (A. Tauch, personal communication). When pMPS9 was

degenerated to pMPS9-D1, at least a part of the cml(A) gene must have been affected but

nevertheless the chloramphenicol resistance gene was still expressed. It might be possible that

the active part of the cml(A) gene remained untouched but still its role has not been

determined.

However, Jore et al. (2001) had not obtained any Propionibacterium transformants when the

"low G+C" cat gene (29%) was used as a selective marker. This might be one of the reasons

why in our study no transformants were obtained with the plasmid constructs pLME137 and

pLME138, both containing the cat gene from pC194 as well. In contrast to pLME137, the cat

gene on pLME138 was hardly expressed in E. coli JM109. The only difference between

pLME137 and pLME138 was the orientation of pGEM5Zf(+), which might be an explanation

for this result. The application of pGEM5Zf(+) instead of pUC18 should not have impaired

the transformation of propionibacteria. Apart from that, the bigger sizes of pLME137 and

pLME138 and the destruction of orf9, which probably contains the ori of pLME106, might

have played a role, too. Another reason might be that there was no attempt to transform

propionibacteria with demethylated DNA of pLME137 and pLME138 obtained from E. coli

JM110 (dam, dcm), which might have improved the process (4.5.5).

The tetracycline resistance gene tet(W) from a Bifidobacterium strain, which was inserted to

pLME136 and pLME142, had a rather high G+C content of 52%. As we learned, the gene of

propionicin SM1 has a G+C content of 51% and was expressed in P. jensenii strains. The

expression of the tet(W) gene in E. coli JM109 was not satisfactory. Maybe there was a

problem with the (missing?) promoter of the gene. The reasons why no transformants were

obtained with pLME136 apart from the selection marker may be the same as for pLME137

and pLME138 (see above). But the way of construction of pLME142 is different: the possible

ori (within orf9) of pLME106 should still be intact. On the other hand, pLME142 is as well of

a rather big size. At least, attempts to transform Propionibacterium with demethylated DNA

of pLME142 were carried out but still no transformants obtained. The usefulness of a
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tetracycline resistance gene as a marker is questionable anyway. Ross et al. (1998) reported

that cutaneous propionibacteria had become resistant to tetracycline because of mutations in

their 16S rDNA.

All the Propionibacterium transformants were not able to express the bla gene of pUC18,

ZKLFK� HQDEOHV� UHVLVWDQFH� WR� DPSLFLOOLQ�� 7KH� HQFRGHG� �ODFWDPDVH� ZRUNV� ZHOO� LQ� *UDP�

negative bacteria where it is excreted into the periplasm, which only exists in these organisms

(Lorian, 1996). This mechanism does not function in propionibacteria and might be a reason

why the transformants remained sensitive against ampicillin.

4.5.2 Replication of the vectors

No differences between the vectors being based on two different replication systems were

observed. pMPS1, which is based on theta replication, as well as the rolling circle replicating

vectors pAMT1 and pAMT2 worked well. They were all segregationally stably maintained in

selective as well as non-selective media during more than twenty serial transfers. There was

no evidence either, that pAMT1 and pAMT2 revealed higher copy number in the

Propionibacterium transformants than pMPS1.

It is possible, that the plasmid construct pMPS9 was deleted because of its replication system,

for the stability of theta replicating plasmids is often affected by deletions (Jannière et al.,

1993). Still, this does not explain why only pMPS9 was usually degenerated and pMPS1 was

not, because the only difference between the two plasmids is the orientation of the cmx(A)

gene.

Due to segretational and structural instabilities of rolling circle replicating plasmids carrying

foreign inserts, relatively little systematic engineering has been done so far with this plasmid

type (Janniere et al., 1993). These instabilities might be a handicap for the vectors pAMT1

and pAMT2. In addition, their bigger sizes after inserts will have been put into them, could

impair their replication, too. The average size of 40 plasmids, which replicate by the rolling

circle replication mechanism, is only 4 kb and never exceeded 8.8 kb (Jannière et al., 1993).

Deletion of the E. coli specific part in pAMT1 and pMPS1 did not impair the replication of

these plasmids in Propionibacterium transformants, which showed that both the replication

systems were working well. When E. coli XL1-Blue was transformed with the degenerated

pAMT1 and the involuntarily degenerated pMPS9-D1, no transformants were obtained.

Therefore, none of the two Propionibacterium replication systems seems to work in E. coli. It

was expected that at least the Rep protein of pAMT1 would work in E. coli, because the

homologous Arcanobacterium pyogenes plasmid pAP1, containing only an inserted

kanamycin resistance gene, was able to replicate in E. coli (Billington et al., 1998). As
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discussed above, the chloramphenicol resistance gene cmx(A) was very well expressed in E.

coli so this is beyond any doubt no reason for this inefficient transformation attempt.

4.5.3 Competent cells and transformation conditions

In order to gain competent Propionibacterium cells, the method of Jore et al. (2001) was

followed in this study. Jore et al. (2001) recommended to harvest the cells at an optical

density at 703 nm of 0.3-0.6, which is in agreement with the optical density of 0.8 at 600 nm

suggested by Kiatpapan et al. (2000). In our study, transformants were still obtained when

cells were harvested at an optical density up to 1.5 (703 nm). Therefore, the exact moment of

the cell harvest did not prove to be that important. However, following the method by Jore et

al. (2001), 108-109 transformants per µg of DNA were obtained when plasmid DNA isolated

from Propionibacterium was used. Jore et al. got ���8 transformants per µg of DNA under

the same conditions whereas Kiatpapan et al. (2000) obtained ���7 transformants. The two

methods differ both in the washing and electroporation buffers but also in the number of

washing steps. The electric field strength was much higher (20 kV/cm) in the method of Jore

et al. (2001) than in the method of Kiatpapan et al. (2000) (6 kV/cm). As a reference shall be

mentioned that E. coli is usually electroporated at a field strength of 12.5 kV/cm. The higher

field strength could be one reason for the better transformation efficiency, for propionibacteria

have rather thick cell walls. But it is very difficult to discuss the two methods, because there

are also different recipient strains and different shuttle vectors that have to be considered.

An observation that was made in our study is that a low amount of DNA (�����QJ��OHDGV�WR�D

better transformation efficiency when propionibacteria were transformed with plasmid DNA

isolated from E. coli. As still few transformants are obtained, it might be better to use more

than 1 µg of DNA so that a higher absolute number of transformants can be achieved.

Propionibacterium transformants were detected after 10-14 days on solid selective medium.

The usual duration is 5-7 days, which means that transformants require much more time than

the recipient strain without carrying a vector. It is astonishing that Kiatpapan et al. (2000)

detected transformants after 4 days and Jore et al. (2001) after 5-7 days. When transformants

were grown on non-selective medium they did not require more time. We suggest that the

activation of the chloramphenicol efflux pump slowed down the growth of the transformants.

4.5.4 Recipient strains

In this study, P. freudenreichii DSM20271T was transformed successfully. This strain was

also transformed by Jore et al. (2001). No transformation attempts of other Propionibacterium

species or strains were carried out in our study.
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Jore et al. (2001) succeeded in transforming three different P. freudenreichii strains but they

could not transform either P. acidipropionici, P. jensenii or P. thoenii strains. The replicon of

their shuttle vectors originates from the P. freudenreichii plasmid p545 which might be an

explanation for the narrow host range of their vector family. Kiatpapan et al. (2000) reported

the successful transformation of 5 different P. freudenreichii strain and 1 P. acidipropionici

("pentosaceum") strain. Unfortunately, they did not report whether they had tried to transform

P. jensenii or P. thoenii strains. Plasmid pRGO1, which provides their shuttle vector pPK705

with a Propionibacterium replicon, was isolated in that study from a P. acidipropionici strain.

Maybe some possible modifications of the DNA had not got lost and enabled the

transformation of the P. acidipropionici strain. However, plasmid pRGO1/pLME106 was

isolated from all the four mentioned species which should make possible a broad host range

for the vectors based on this plasmid.

The phylogenetic tree, which was calculated by Dasen (1998; Dasen et al., 1998) based on

16S rDNA sequences, showed that P. acidipropionici, P. jensenii and P. thoenii separated in

three closely related clusters, whereas P. freudenreichii and P. cyclohexanicum were found in

two clusters, as well closely related to each other. Based on this information, we might

suspect that strains of P. freudenreichii might have a rather different restriction/modification

system than representatives of the other three species, for they are not so closely related with

one another. This observation might also be a reason for difficulties to transform strains of

these species even with DNA isolated from Propionibacterium transformants (see also below,

4.5.5).

Another reason for the inefficient transformation of P. acidipropionici, P. jensenii and P.

thoenii strains may lay in their different cell wall composition. P. freudenreichii reveals

another type of murein in its cell wall which corresponds with a more or less coccoid cell type

while the other three species form coryneform rods (Vorobjeva, 1999). Transformation could

also be hampered by the encapsulation of some P. jensenii and P. thoenii strains (Vorobjeva,

1999). Clumping was never observed among P. freudenreichii freudenreichii DSM20271T

competent cells, which is known for Gram-positive bacteria owing to the hydrophobic nature

of the cell envelope (Connell, 2001).

4.5.5 Restriction-methylation-modification of the vector DNA

A 105-108-fold greater transformation efficiency was obtained when vector DNA reisolated

from Propionibacterium transformants was used for the electroporation experiment instead of

vector DNA prepared from E. coli JM110. This suggests that a restriction/modification

system is present in Propionibacterium freudenreichii freudenreichii DSM20271T. Similar

observations were made by Kiatpapan et al. (2000) and Jore et al. (2001).
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The restriction system in P. freudenreichii freudenreichii DSM20271T might be methyl-

specific as observed for other coryneform bacteria (Ankri et al., 1996a; Vertès et al., 1993a;

Vertès et al., 1993b). According to a personal communication by N. van Luijk, a 10-fold

increase of the transformation efficiency was observed when vector DNA prepared from the

dam and dcm deficient E. coli JM110 was used instead of DNA from a non-deficient E. coli

strain. Therefore, transformation of P. freudenreichii freudenreichii DSM20271T was carried

out with vector DNA of pMPS1, pMPS9, pAMT1 and pAMT2 isolated from E. coli JM110

and therewith transformants were obtained. The transformation of Propionibacterium with

pMPS9 isolated from E. coli XL1-Blue yielded no transformants.

There is evidence that P. freudenreichii freudenreichii DSM20271T methylates the vector

DNA in case it had not been restricted before. The effect that dam deficient E. coli strains,

such as E. coli JM110, are transformed poorly by hemimethylated or fully methylated DNA

(Russell and Zinder, 1987) was possibly observed in this study. The transformation of E. coli

JM110 with pAMT1 and pMPS1 prepared from Propionibacterium resulted in only one

transformant each, whereas the transformation of E. coli XL1-Blue with the same plasmid

preparations yielded in numerous transformants. This does not astonish because methylated as

well as unmethylated DNA can be used to transform dam+ strains efficiently (Russell and

Zinder, 1987).
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4.6 Concluding remarks and outlook

In order to develop a transformation system for propionibacteria, the nucleotide sequence of

plasmid pLME106 from Propionibacterium jensenii DF1 was determined. As expected, the

gene of propionicin SM1 (ppnA) was detected on pLME106 and was therefore the first

reported function encoded on a Propionibacterium plasmid (Miescher, 1999; Miescher et al.,

2000). The Rep region was also identified on pLME106 and enabled the establishment of a

Propionibacterium-E. coli shuttle vector. As a second approach, Propionibacterium plasmid

pLME108, which had been earlier described in our laboratory (Dasen, 1998), was also

involved in vector engineering.

When this work was started in January 1999, no scientific articles had been published so far

describing an effective transformation system for propionibacteria. It was therefore not an

easy task to take the right decisions concerning the choice of the appropriate selective

markers, electroporation conditions, recipient strains and other parameters. After two

publications had appeared concerning the subject in winter 2000/2001 (Kiatpapan et al., 2000;

Jore et al, 2001), our study suddenly proceeded very well integrating the knowledge achieved

in those studies. Within reasonable time, at least three efficient and stable Propionibacterium-

E. coli shuttle vectors were constructed and Propionibacterium freudenreichii freudenreichii

DSM20271T was transformed successfully.

Now as the preparatory studies are finished, an application for these vectors should be found

and tested. For that purpose we were asked by several research groups to provide our vectors

for them. It is possible, that our vectors will have to be improved by adding promotors,

additional selective markers or extended cloning sites, but this will depend on their future

applications. Further transformation attempts with other Propionibacterium strains should

also be carried out in order to establish a broad host range of the vectors and to enable one

day the industrial application of the knowledge achieved in this study of Propionibacterium

genetics.
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6 Appendix

6.1 Nucleotide sequence of pLME106

The nucleotide sequence of the entire 6868-bp plasmid pLME106 isolated from

Propionibacterium jensenii DF1 is shown below (acc. no. AJ250233). The amino acid

sequences are written in capital letters just below the nucleotide sequence. The start and the

stop of the proteins are marked by arrows. Putative ribosome binding sites (RBS) are

indicated by bold letters.

   1                                                              60
    CTCGAGGGAGGCGGGGCCGTCCACCCCCCACACCACCCCGACACCGTGATGCGCCCATGT
    GAGCTCCCTCCGCCCCGGCAGGTGGGGGGTGTGGTGGGGCTGTGGCACTACGCGGGTACA

 61                                                              120
    CGCCTAACGGGTTGCCCGACCTCCCCGACATCAAGAAAACCTGACACCGTCGCCGCAAGC
    GCGGATTGCCCAACGGGCTGGAGGGGCTGTAGTTCTTTTGGACTGTGGCAGCGGCGTTCG

121                       RBS                                    180
    GCTACACTGACTACTAGTAGTCAGGAGGTGCGTGATGACCATCGCCACATCGGTGAAACT
    CGATGTGACTGATGATCATCAGTCCTCCACGCACTACTGGTAGCGGTGTAGCCACTTTGA
                            ORF8  ->  M  T  I  A  T  S  V  K  L

181                                                              240
    CTCCGAAGAGACCGGCCGCAAACTCGATGAACTAGCCCGGGCCACCGGGCGATCCAAGTC
    GAGGCTTCTCTGGCCGGCGTTTGAGCTACTTGATCGGGCCCGGTGGCCCGCTAGGTTCAG
     S  E  E  T  G  R  K  L  D  E  L  A  R  A  T  G  R  S  K  S

241                                                              300
    CTACTACCTGCGCGAGGCCATCGAGGACCACATCGACCAGATGGTCCACGACTACGCCAT
    GATGATGGACGCGCTCCGGTAGCTCCTGGTGTAGCTGGTCTACCAGGTGCTGATGCGGTA
     Y  Y  L  R  E  A  I  E  D  H  I  D  Q  M  V  H  D  Y  A  I

301                                                              360
    CGCCCGACTCGCCGACGACGTGCGAGCCGGCCGGGCCGCCACCTACAGCGCCGACGAAGT
    GCGGGCTGAGCGGCTGCTGCACGCTCGGCCGGCCCGGCGGTGGATGTCGCGGCTGCTTCA
     A  R  L  A  D  D  V  R  A  G  R  A  A  T  Y  S  A  D  E  V

361 RBS                                                          420
    GGACCAGATCCTTGGCCTGGACGATTGAGTACACCGACCCCGCCGTCAAAGCACTGCGCA
    CCTGGTCTAGGAACCGGACCTGCTAACTCATGTGGCTGGGGCGGCAGTTTCGTGACGCGT
     D  Q  I  L  G  L  D  D  *  <-  Stop ORF8
    ORF10  ->  M  A  W  T  I  E  Y  T  D  P  A  V  K  A  L  R  K

421                                                              480
    AACTCGACCGAGCCCAGGCCCGCCGCATCACCGCCTACATACGTGAGCTCACCGGCCTGG
    TTGAGCTGGCTCGGGTCCGGGCGGCGTAGTGGCGGATGTATGCACTCGAGTGGCCGGACC
      L  D  R  A  Q  A  R  R  I  T  A  Y  I  R  E  L  T  G  L  D

481                                                              540
    ACGATCCCCACCAACGCGGGAAAGGCCTCACCGGGCCCCTGGCCGGACTCTGGCGCTACC
    TGCTAGGGGTGGTTGCGCCCTTTCCGGAGTGGCCCGGGGACCGGCCTGAGACCGCGATGG
      D  P  H  Q  R  G  K  G  L  T  G  P  L  A  G  L  W  R  Y  R
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541                                                              600
    GCGTCGGGGACTACCGGATCATCTGCGACCTGAACGCCGACCGCCTGGCCATCATCGCCC
    CGCAGCCCCTGATGGCCTAGTAGACGCTGGACTTGCGGCTGGCGGACCGGTAGTAGCGGG
      V  G  D  Y  R  I  I  C  D  L  N  A  D  R  L  A  I  I  A  L

601                                                              660
    TGACCATCGAGCACCGATCCCAGGCCTACCGCTGACACGCAACCCCGCACCCTCGGCCAA
    ACTGGTAGCTCGTGGCTAGGGTCCGGATGGCGACTGTGCGTTGGGGCGTGGGAGCCGGTT
      T  I  E  H  R  S  Q  A  Y  R  *  <-  Stop ORF10

661                                                              720
    GACGTCACACACCACCCGCCCCACCGAGCACTGAGGATGTCAACTCGCCCGAGCCGGCCT
    CTGCAGTGTGTGGTGGGCGGGGTGGCTCGTGACTCCTACAGTTGAGCGGGCTCGGCCGGA
                              Stop ORF9  ->  *  S  A  R  A  P  R

721                                                              780
    GCCGGCCGTCTTACGGGTTGTCTTGGCGGGCGGGGTGTCTTTGCCCTGGCCCAGCAGCCC
    CGGCCGGCAGAATGCCCAACAGAACCGCCCGCCCCACAGAAACGGGACCGGGTCGTCGGG
      G  A  T  K  R  T  T  K  A  P  P  T  D  K  G  Q  G  L  L  G

781                                                              840
    CACGATCTCCCGCAGCGTGTCGGCGGTGGCGGCGTCCCGGGCCGCCTGACGCTCCGCCTC
    GTGCTAGAGGGCGTCGCACAGCCGCCACCGCCGCAGGGCCCGGCGGACTGCGAGGCGGAG
      V  I  E  R  L  T  D  A  T  A  A  D  R  A  A  Q  R  E  A  E

841                                                              900
    CGCCCTGGCCTGCTCGGCTGCCTGCGCCCGATCCTCCGCGGCGGCGGCCTGCTCCCTCGC
    GCGGGACCGGACGAGCCGACGGACGCGGGCTAGGAGGCGCCGCCGCCGGACGAGGGAGCG
      A  R  A  Q  E  A  A  Q  A  R  D  E  A  A  A  A  Q  E  R  A

901                                                              960
    CTCGGCCAGCTCGCCGGTCAGGGCCTCGACCCGGGCCTGCACCTGCCCCAGGCGCGCCTC
    GAGCCGGTCGAGCGGCCAGTCCCGGAGCTGGGCCCGGACGTGGACGGGGTCCGCGCGGAG
      E  A  L  E  G  T  L  A  E  V  R  A  Q  V  Q  G  L  R  A  E

961                                                             1020
    CGCCTCCTGCTGCACCTGCTCGGCCCGGGCCTCCGCCTGGTCCCGGGCCGCCTCGGCCTC
    GCGGAGGACGACGTGGACGAGCCGGGCCCGGAGGCGGACCAGGGCCCGGCGGAGCCGGAG
      A  E  Q  Q  V  Q  E  A  R  A  E  A  Q  D  R  A  A  E  A  E

1021                                                            1080
    GGCCCGGTGCTGATCCGCCAGGGCCGCCTCGGCCACCGCTTCGGCCTGCCCATCCACCGC
    CCGGGCCACGACTAGGCGGTCCCGGCGGAGCCGGTGGCGAAGCCGGACGGGTAGGTGGCG
      A  R  H  Q  D  A  L  A  A  E  A  V  A  E  A  Q  G  D  V  A

1081                                                            1140
    CTGCTCGGCCCGAGCCCCGAACTCCTCGCGGGCCGCATCACTCGCCTGACGCCACGCCGC
    GACGAGCCGGGCTCGGGGCTTGAGGAGCGCCCGGCGTAGTGAGCGGACTGCGGTGCGGCG
      Q  E  A  R  A  G  F  E  E  R  A  A  D  S  A  Q  R  W  A  A

1141                                                            1200
    CGCCCACACCAGACCCAACGGCTCCGACAGATCCGGCGGGGCCGGCGTCTGGACCGACGC
    GCGGGTGTGGTCTGGGTTGCCGAGGCTGTCTAGGCCGCCCCGGCCGCAGACCTGGCTGCG
      A  W  V  L  G  L  P  E  S  L  D  P  P  A  P  T  Q  V  S  A

1201                                                            1260
    CGAGACGTCGCGCAGGAACCCCGCCGCAGCGTCGGTGGAGCACCCCGCCTCCGCCTTCAA
    GCTCTGCAGCGCGTCCTTGGGGCGGCGTCGCAGCCACCTCGTGGGGCGGAGGCGGAAGTT
      S  V  D  R  L  F  G  A  A  A  D  T  S  C  G  A  E  A  K  L
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1261                                                            1320
    CGACCGCACCGTCACCCGCCGACCCGCACCGCTCAACCGCGCATAGGCCGCCGCCAACCT
    GCTGGCGTGGCAGTGGGCGGCTGGGCGTGGCGAGTTGGCGCGTATCCGGCGGCGGTTGGA
      S  R  V  T  V  R  R  G  A  G  S  L  R  A  Y  A  A  A  L  R

1321                         RBS                                1380
    TGACCCATTCGACTCCATGACCCACCCTCCCATTCTGTACCCTGTACCTGTTCCTAGGTA
    ACTGGGTAAGCTGAGGTACTGGGTGGGAGGGTAAGACATGGGACATGGACAAGGATCCAT
      S  G  N  S  E  M  <-  ORF9

1381                                                            1440
    CGTTCCTAATGTACCTCACCGGATGCAGAACCCGCAACCCCCCTCACACTCCCCCTGCAC
    GCAAGGATTACATGGAGTGGCCTACGTCTTGGGCGTTGGGGGGAGTGTGAGGGGGACGTG

1141                                                            1500
    GGGGCCCGCCCCCTGCACCCCCGCTGCCGCGCCCGCTCCTGCGTCGCGGCCTTGCCCCTG
    CCCCGGGCGGGGGACGTGGGGGCGACGGCGCGGGCGAGGACGCAGCGCCGGAACGGGGAC

1501                                                            1560
    CCCAACGCCGGGCCGGCGGGCAGCCCACCAGAGGCTCTGTGAGACGTCGGCGCCCCCGTC
    GGGTTGCGGCCCGGCCGCCCGTCGGGTGGTCTCCGAGACACTCTGCAGCCGCGGGGGCAG

1561                                                            1620
    CACCTACCCTAAAGACCAACCGGCCGTGGAAACGTCTGTGAGGAGCCTTGTAGGAGTTCC
    GTGGATGGGATTTCTGGTTGGCCGGCACCTTTGCAGACACTCCTCGGAACATCCTCAAGG

1621                                                            1680
    CAGGACAAGCCAGCAAGGCCGGGCCTGACGGCCCGGAAAGGAAGTCGCTGCGCTCCTACG
    GTCCTGTTCGGTCGTTCCGGCCCGGACTGCCGGGCCTTTCCTTCAGCGACGCGAGGATGC

1681                                                            1740
    AAGAAGCCCCTCTGGGGACCCCCAGACCCCGGAACTATCTGATTTGGTTTAGCGGCGTAC
    TTCTTCGGGGAGACCCCTGGGGGTCTGGGGCCTTGATAGACTAAACCAAATCGCCGCATG

1741                                                            1800
    TTCCGTCATACCGGAATTTATGGCATGCTGTGGTCATGGCGACGACGACGGTCGATGAGC
    AAGGCAGTATGGCCTTAAATACCGTACGACACCAGTACCGCTGCTGCTGCCAGCTACTCG

                                     

1801   RBS                                                      1860
    AGTGGGAGCAGGTGTGGCTGCCCCGCTGGCCCCTGGCCTCCGACGACCTGGCAGCGGGCA
    TCACCCTCGTCCACACCGACGGGGCGACCGGGGACCGGAGGCTGCTGGACCGTCGCCCGT
     ORF1  ->  M  W  L  P  R  W  P  L  A  S  D  D  L  A  A  G  I

1861                                                            1920
    TCTACCGGATGGCCCGCCCCTCGGCGCTGGGGGTCCGATACATCGAGGTCAACCCCCAAG
    AGATGGCCTACCGGGCGGGGAGCCGCGACCCCCAGGCTATGTAGCTCCAGTTGGGGGTTC
      Y  R  M  A  R  P  S  A  L  G  V  R  Y  I  E  V  N  P  Q  A

1921                                                            1980
    CCATCAGCAACCTCCTCGTGGTCGACTGCGACCACCCCGACGCTGCCATGCGCGCCGTCT
    GGTAGTCGTTGGAGGAGCACCAGCTGACGCTGGTGGGGCTGCGACGGTACGCGCGGCAGA
      I  S  N  L  L  V  V  D  C  D  H  P  D  A  A  M  R  A  V  W

1981                                                            2040
    GGGACCGCCACGACTGGCTGCCCAACGCCATCGTCGAGAACCCCGACAACGGCCACGCCC
    CCCTGGCGGTGCTGACCGACGGGTTGCGGTAGCAGCTCTTGGGGCTGTTGCCGGTGCGGG
      D  R  H  D  W  L  P  N  A  I  V  E  N  P  D  N  G  H  A  H
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2041                                                            2100
    ACGCCGTGTGGGCCCTGGAAGCAGCCATCCCGCGCACCGAGTACGCCCACCGCAAGCCCA
    TGCGGCACACCCGGGACCTTCGTCGGTAGGGCGCGTGGCTCATGCGGGTGGCGTTCGGGT
      A  V  W  A  L  E  A  A  I  P  R  T  E  Y  A  H  R  K  P  I

2101                                                            2160
    TCGCCTACGCCGCCGCCGTCACCGAGGGCCTGCGCCGATCCGTCGACGGAGACGCCTCCT
    AGCGGATGCGGCGGCGGCAGTGGCTCCCGGACGCGGCTAGGCAGCTGCCTCTGCGGAGGA
      A  Y  A  A  A  V  T  E  G  L  R  R  S  V  D  G  D  A  S  Y

2161                                                            2220
    ACGCCGGCCTGATCACCAAGAACCCCGAACACCCCGCCTGGAACACCACCTGGTGCACCG
    TGCGGCCGGACTAGTGGTTCTTGGGGCTTGTGGGGCGGACCTTGTGGTGGACCACGTGGC
      A  G  L  I  T  K  N  P  E  H  P  A  W  N  T  T  W  C  T  D

2221                                                            2280
    ACCACCTCTACCGGCTGGCCGAGCTCGACACCCACCTGGATGCCGCCGGCCTCATGCCCG
    TGGTGGAGATGGCCGACCGGCTCGAGCTGTGGGTGGACCTACGGCGGCCGGAGTACGGGC
      H  L  Y  R  L  A  E  L  D  T  H  L  D  A  A  G  L  M  P  A

2281                                                            2340
    CCCCCTCCTGGCGACGCACCCGCCGGCGCAACCCCGTCGGCCTGGGCCGCAACTGCGCCA
    GGGGGAGGACCGCTGCGTGGGCGGCCGCGTTGGGGCAGCCGGACCCGGCGTTGACGCGGT
      P  S  W  R  R  T  R  R  R  N  P  V  G  L  G  R  N  C  A  I

2341                                                            2400
    TCTTCGAGACCGCCCGCACCTGGGCCTACCGCGACGCCCGCCGCATCCGACAACGCCACG
    AGAAGCTCTGGCGGGCGTGGACCCGGATGGCGCTGCGGGCGGCGTAGGCTGTTGCGGTGC
      F  E  T  A  R  T  W  A  Y  R  D  A  R  R  I  R  Q  R  H  E

2401                                                            2460
    AATACCCGACCGCCGAGGACTCGGCCGACCTGCACGCCGTCATCGCCTCCACCGTCGAGG
    TTATGGGCTGGCGGCTCCTGAGCCGGCTGGACGTGCGGCAGTAGCGGAGGTGGCAGCTCC
      Y  P  T  A  E  D  S  A  D  L  H  A  V  I  A  S  T  V  E  A

2461                                                            2520
    CGCTCAACGCCGGCTACAGCGAACCCCTGCCGGCCCGCGAGGCCGCCGGCATCGCCGCCA
    GCGAGTTGCGGCCGATGTCGCTTGGGGACGGCCGGGCGCTCCGGCGGCCGTAGCGGCGGT
      L  N  A  G  Y  S  E  P  L  P  A  R  E  A  A  G  I  A  A  S

2521                                                            2580
    GCATCCACCGATGGATCACCCACCGTTTCTACGGCTGGATCGACTCCCACACCGTCAACG
    CGTAGGTGGCTACCTAGTGGGTGGCAAAGATGCCGACCTAGCTGAGGGTGTGGCAGTTGC
      I  H  R  W  I  T  H  R  F  Y  G  W  I  D  S  H  T  V  N  E

2581                                                            2640
    AGGCCACTTTCTCCACCATCCAGAGCTACAGAGGACACAAGGGAGCCGGCAAGGCTCGTC
    TCCGGTGAAAGAGGTGGTAGGTCTCGATGTCTCCTGTGTTCCCTCGGCCGTTCCGAGCAG
      A  T  F  S  T  I  Q  S  Y  R  G  H  K  G  A  G  K  A  R  P

2641                                 RBS                        2700
    CTCGTGCCCGCCGTGCTGCTTCTATCACCGATTGGGAGGCATGATGGCTGACGTCCAGCA
    GAGCACGGGCGGCACGACGAAGATAGTGGCTAACCCTCCGTACTACCGACTGCAGGTCGT
                                     ORF2  ->  M  A  D  V  Q  H
      R  A  R  R  A  A  S  I  T  D  W  E  A  *  <-  Stop ORF1



83 Appendix

2701                                                            2760
    CCGCGTGAAGCGTCGGGGCACGGCCCGCGAGGCCGCAGAACGTGTAGGGGCCTCCATCCG
    GGCGCACTTCGCAGCCCCGTGCCGGGCGCTCCGGCGTCTTGCACATCCCCGGAGGTAGGC
     R  V  K  R  R  G  T  A  R  E  A  A  E  R  V  G  A  S  I  R

2761                                                            2820
    AACCGCCCAGCGGTGGACCTCCATCCCCCGTGAGGAATGGATCACTCAGAAGGCCGTCGA
    TTGGCGGGTCGCCACCTGGAGGTAGGGGGCACTCCTTACCTAGTGAGTCTTCCGGCAGCT
     T  A  Q  R  W  T  S  I  P  R  E  E  W  I  T  Q  K  A  V  E

2821                                                            2880
    GCGTGAGGAGATCCGGGCCTACAAGTACGACGAGGGGCACACGTGGGGCGAGACCTCGCG
    CGCACTCCTCTAGGCCCGGATGTTCATGCTGCTCCCCGTGTGCACCCCGCTCTGGAGCGC
     R  E  E  I  R  A  Y  K  Y  D  E  G  H  T  W  G  E  T  S  R

2881                                                            2940
    CCACTTCGGGATCGCGAAGACCACCGCCCAGGAGCGGGCCCGGCGGGCTCGAAGGGAGCG
    GGTGAAGCCCTAGCGCTTCTGGTGGCGGGTCCTCGCCCGGGCCGCCCGAGCTTCCCTCGC
     H  F  G  I  A  K  T  T  A  Q  E  R  A  R  R  A  R  R  E  R

2941                                                            3000
    GGCGGCCGAAGCGGAGAAGGCTGCCGAGGAGGCCGAGGCCGCGCTGCGTCCGACACTCTT
    CCGCCGGCTTCGCCTCTTCCGACGGCTCCTCCGGCTCCGGCGCGACGCAGGCTGTGAGAA
     A  A  E  A  E  K  A  A  E  E  A  E  A  A  L  R  P  T  L  F

3001              RBS                                           3060
    CGAGGGCCAGGAGCAAGGTTCTGCATGAGCAACCCCGAGTCCTCGGGTAGACCGTCTGGC
    GCTCCCGGTCCTCGTTCCAAGACGTACTCGTTGGGGCTCAGGAGCCCATCTGGCAGACCG
                  ORF3  ->  M  S  N  P  E  S  S  G  R  P  S  G
     E  G  Q  E  Q  G  S  A  *  <-  Stop ORF2

3061                                                            3120
    CCGACGTTAAGCATGGCTGAAGCGGCCCGTGCCTGTGGGGTTTCAGTGTCCACGGTGAGG
    GGCTGCAATTCGTACCGACTTCGCCGGGCACGGACACCCCAAAGTCACAGGTGCCACTCC
    P  T  L  S  M  A  E  A  A  R  A  C  G  V  S  V  S  T  V  R

3121                                                            3180
    CGTCACCGTGATGCCCTGGTGGCCCACGGTGCTACCCGTCATGACGCGTCATGGGTGATA
    GCAGTGGCACTACGGGACCACCGGGTGCCACGATGGGCAGTACTGCGCAGTACCCACTAT
    R  H  R  D  A  L  V  A  H  G  A  T  R  H  D  A  S  W  V  I

3181                                                            3240
    CCCCTATCAGCGTTGATTTCATGCGGTTTGATGCCCCGGGTGACACCCCCTGATGCCCCG
    GGGGATAGTCGCAACTAAAGTACGCCAAACTACGGGGCCCACTGTGGGGGACTACGGGGC
    P  L  S  A  L  I  S  C  G  L  M  P  R  V  T  P  P  D  A  P

3241                                                            3300
    TCACCCAATAACGTGGCGCCTGCCATGACGTCCCACGGTGACGCCCCCCTGACGGGGGAA
    AGTGGGTTATTGCACCGCGGACGGTACTGCAGGGTGCCACTGCGGGGGGACTGCCCCCTT
    S  P  N  N  V  A  P  A  M  T  S  H  G  D  A  P  L  T  G  E

3301                                                            3360
    GTCCAAGAGCTGCGCGAGCGACTGGCCAACGCTGAGCATCGAGCCGAGCTAGCCGAAGCC
    CAGGTTCTCGACGCGCTCGCTGACCGGTTGCGACTCGTAGCTCGGCTCGATCGGCTTCGG
    V  Q  E  L  R  E  R  L  A  N  A  E  H  R  A  E  L  A  E  A
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3361                                                            3420
    ATCGCGGCCGAGCGACAACACACGATCGACGCCCAGCGCATCGCCTTACGGGCCTTAGAA
    TAGCGCCGGCTCGCTGTTGTGTGCTAGCTGCGGGTCGCGTAGCGGAATGCCCGGAATCTT
    I  A  A  E  R  Q  H  T  I  D  A  Q  R  I  A  L  R  A  L  E

3421                                                            3480
    CCCGGCTCGACCCATAACAGCCCGGCAACCGATGAGCCGGCTACCGCTCGCGAGCAACCT
    GGGCCGAGCTGGGTATTGTCGGGCCGTTGGCTACTCGGCCGATGGCGAGCGCTCGTTGGA
    P  G  S  T  H  N  S  P  A  T  D  E  P  A  T  A  R  E  Q  P

3481                                                            3540
    CCCGGTCCAGAACCCAGCGACTCCAGGCCACACCGCCGGAGTTGGTGGCGTCGGCTGACT
    GGGCCAGGTCTTGGGTCGCTGAGGTCCGGTGTGGCGGCCTCAACCACCGCAGCCGACTGA
    P  G  P  E  P  S  D  S  R  P  H  R  R  S  W  W  R  R  L  T

3541                                                            3600
    GGTGGCGCCTGACCGGCCCCGGTCGTCTTCGAGGGGAACCTCTCGCCTGCGAGAGGACAC
    CCACCGCGGACTGGCCGGGGCCAGCAGAAGCTCCCCTTGGAGAGCGGACGCTCTCCTGTG
    G  G  A  *  <- Stop ORF3

3601                                                            3660
    AGCAGCCGGCTGTGCTGGTAGGGCATCCCAGCACGACACCCCTCTGACGCGAGAAGTTCA
    TCGTCGGCCGACACGACCATCCCGTAGGGTCGTGCTGTGGGGAGACTGCGCTCTTCAAGT

3661                                                            3720
    AGGACTACGCGAATTGCTGACTACCGCCGAGCGGCAGCACACGATCGAGATGCTCAACGA
    TCCTGATGCGCTTAACGACTGATGGCGGCTCGCCGTCGTGTGCTAGCTCTACGAGTTGCT

3721                                                            3780
    ACCGCACTACGCGGCCTTAGAAGGCCCCAAGGCACGCTCACCTACCACGTGGATCACCAC
    TGGCGTGATGCGCCGGAATCTTCCGGGGTTCCGTGCGAGTGGATGGTGCACCTAGTGGTG

3781                                                            3840
    CGATCGGCGCCGACAGCTATGGACCCCATCGCAAGATCAAAACCCCTGAGCAGCCATCGC
    GCTAGCCGCGGCTGTCGATACCTGGGGTAGCGTTCTAGTTTTGGGGACTCGTCGGTAGCG

3841                                                            3900
    ACCGAGCGCCCGGCACGCCGGAAGAAGCTCCGACGCCCCTGCTGTCCGGACACGGCCTAA
    TGGCTCGCGGGCCGTGCGGCCTTCTTCGAGGCTGCGGGGACGACAGGCCTGTGCCGGATT

3901                                                            3960
    CGCGTCCAGACCAGAACCAGTGCTCCGATCTAAACCGAAGGCCCTTCATGTGAGAGCATA
    GCGCAGGTCTGGTCTTGGTCACGAGGCTAGATTTGGCTTCCGGGAAGTACACTCTCGTAT

3961                                                            4020
    GTCGTGACGTCGGCACAGTAGTCGTGCCCGGCGGGGGTAACGCTACACAACGCTTAAAAA
    CAGCACTGCAGCCGTGTCATCAGCACGGGCCGCCCCCATTGCGATGTGTTGCGAATTTTT

4021                    RBS                                     4080
    GCATCGGAGCAAGCTAACACAGGGGGACTGATGAACAAAACACACAAAATGGCGACGCTG
    CGTAGCCTCGTTCGATTGTGTCCCCCTGACTACTTGTTTTGTGTGTTTTACCGCTGCGAC
                        ORF4  ->  M  N  K  T  H  K  M  A  T  L

4081                                                            4140
    GTAATTGCCGCGATCTTGGCCGCCGGAATGACCGCACCAACTGCCTATGCAGATTCTCCT
    CATTAACGGCGCTAGAACCGGCGGCCTTACTGGCGTGGTTGACGGATACGTCTAAGAGGA
    V  I  A  A  I  L  A  A  G  M  T  A  P  T  A  Y  A  D  S  P
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4141                                                            4200
    GGAAACACCAGAATTACAGCCAGCGAGCAAAGCGTCCTTACCCAGATACTCGGCCACAAA
    CCTTTGTGGTCTTAATGTCGGTCGCTCGTTTCGCAGGAATGGGTCTATGAGCCGGTGTTT
    G  N  T  R  I  T  A  S  E  Q  S  V  L  T  Q  I  L  G  H  K

4201                                                            4260
    CCTACACAAACTGAATATAACCGATACGTTGAGACTTACGGAAGCGTACCGACCGAAGCA
    GGATGTGTTTGACTTATATTGGCTATGCAACTCTGAATGCCTTCGCATGGCTGGCTTCGT
    P  T  Q  T  E  Y  N  R  Y  V  E  T  Y  G  S  V  P  T  E  A

4261                                                            4320
    GACATCAACGCATATATAGAAGCGTCTGAATCTGAGGGATCATCAAGTCAAACGGCTGCT
    CTGTAGTTGCGTATATATCTTCGCAGACTTAGACTCCCTAGTAGTTCAGTTTGCCGACGA
    D  I  N  A  Y  I  E  A  S  E  S  E  G  S  S  S  Q  T  A  A

4321                                                            4380
    CACGATGACTCGACATCACCCGGCACGAGTACCGAAATCTACACGCAGGCAGCCCCTGCC
    GTGCTACTGAGCTGTAGTGGGCCGTGCTCATGGCTTTAGATGTGCGTCCGTCGGGGACGG
    H  D  D  S  T  S  P  G  T  S  T  E  I  Y  T  Q  A  A  P  A

4381                                                            4440
    AGGTTCTCAATGTTTTTCCTGTCCGGAACTTGGATCACTAGGAGTGGTGTAGTATCGCTC
    TCCAAGAGTTACAAAAAGGACAGGCCTTGAACCTAGTGATCCTCACCACATCATAGCGAG
    R  F  S  M  F  F  L  S  G  T  W  I  T  R  S  G  V  V  S  L

4441                                                            4500
    TCCTTGAAGCCAAGGAAGGGTGGTATTGGCAACGAGGGGGACGAGCGTACCTGGAAGACT
    AGGAACTTCGGTTCCTTCCCACCATAACCGTTGCTCCCCCTGCTCGCATGGACCTTCTGA
    S  L  K  P  R  K  G  G  I  G  N  E  G  D  E  R  T  W  K  T

4501                                                            4560
    GTATACGACAAATTCCATAACGCTGGGCAATGGACACGATACAAGAACAACGGCGTAGAC
    CATATGCTGTTTAAGGTATTGCGACCCGTTACCTGTGCTATGTTCTTGTTGCCGCATCTG
    V  Y  D  K  F  H  N  A  G  Q  W  T  R  Y  K  N  N  G  V  D

4561                                                            4620
    GCCAGCATGAAAAAGCAGTACATGTGCCACTTCAAGTACGGGATGGTGAAGACGCCATGG
    CGGTCGTACTTTTTCGTCATGTACACGGTGAAGTTCATGCCCTACCACTTCTGCGGTACC
    A  S  M  K  K  Q  Y  M  C  H  F  K  Y  G  M  V  K  T  P  W

4621                                                            4680
    AATCTGGAGCCCCACAAGAAGGCTGCAGACGTCAGTCCAGTCAAGTGCAACTAGTTTTCT
    TTAGACCTCGGGGTGTTCTTCCGACGTCTGCAGTCAGGTCAGTTCACGTTGATCAAAAGA
    N  L  E  P  H  K  K  A  A  D  V  S  P  V  K  C  N  *  <-
                                                       Stop ORF4
4681                                    RBS                     4740
    CGGACCCTGAACCAGGGGAACCAGGGCTAGTCAGATAGGATCGATAATGGCGGACTATAT
    GCCTGGGACTTGGTCCCCTTGGTCCCGATCAGTCTATCCTAGCTATTACCGCCTGATATA
                                        ORF5  ->  M  A  D  Y  I

4741                                                            4800
    TCCTCTATTGATATTCATTCTTGCGATGATCTACGATTTTCTGGTAATAATCCTTGGAAG
    AGGAGATAACTATAAGTAAGAACGCTACTAGATGCTAAAAGACCATTATTAGGAACCTTC
     P  L  L  I  F  I  L  A  M  I  Y  D  F  L  V  I  I  L  G  R

4801                                                            4860
    ACATGGCCGATTTAACAGCTATTCTATATTAGCAAAGGCTTCACTGGTCGCAATCAGCGT
    TGTACCGGCTAAATTGTCGATAAGATATAATCGTTTCCGAAGTGACCAGCGTTAGTCGCA
     H  G  R  F  N  S  Y  S  I  L  A  K  A  S  L  V  A  I  S  V
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4861                                                            4920
    AATTCTTATAATTGTCCCATACGCGTCATACTGGTTAGTCGCTGGAGATCCAGACGTTTG
    TTAAGAATATTAACAGGGTATGCGCAGTATGACCAATCAGCGACCTCTAGGTCTGCAAAC
     I  L  I  I  V  P  Y  A  S  Y  W  L  V  A  G  D  P  D  V  W

4921                                                            4980
    GGACTTCTATCGTTCTTTATGGTGGATTCCAGTGGCTTTTCTAGGAATAGTTTCAATAGT
    CCTGAAGATAGCAAGAAATACCACCTAAGGTCACCGAAAAGATCCTTATCAAAGTTATCA
     D  F  Y  R  S  L  W  W  I  P  V  A  F  L  G  I  V  S  I  V

4981                                                            5040
    ACTGATGGCTAGCAGTAGAGGTTGGGGACGACGTCTCGGCGACTCCGGAGAACACCAAGT
    TGACTACCGATCGTCATCTCCAACCCCTGCTGCAGAGCCGCTGAGGCCTCTTGTGGTTCA
     L  M  A  S  S  R  G  W  G  R  R  L  G  D  S  G  E  H  Q  V

5041                                                            5100
    CAGGGTCTCATGAGTGTGCGATAGCTTGAGCTGTCTACCAATCTGGATATAGCTATATCG
    GTCCCAGAGTACTCACACGCTATCGAACTCGACAGATGGTTAGACCTATATCGATATAGC
     R  V  S  *  <- Stop ORF5

5101                                                            5160
    GTCGTTTGTGTCTGATTCGCCAGTGAGCCAACGGCGGGGGCGACACGCGGTGGCGAAACC
    CAGCAAACACAGACTAAGCGGTCACTCGGTTGCCGCCCCCGCTGTGCGCCACCGCTTTGG

5161                                                            5220
    CCCTGGCAGAATTCGGAACGGGACGGAATCGGGGCTCTAGCGTTTCTGGCTATGAGCATC
    GGGACCGTCTTAAGCCTTGCCCTGCCTTAGCCCCGAGATCGCAAAGACCGATACTCGTAG
                                             ORF6  ->  M  S  I

5221                                                            5280
    ACTGGATATGCCAGAGTCTCCACCGCCGAGCAGCACGAGGCCGCCCAAATCGACGCCCTC
    TGACCTATACGGTCTCAGAGGTGGCGGCTCGTCGTGCTCCGGCGGGTTTAGCTGCGGGAG
    T  G  Y  A  R  V  S  T  A  E  Q  H  E  A  A  Q  I  D  A  L

5281                                                            5340
    AAGGCTGCTGGGGCCGACCCGATCTACATCGACAAGGCGTCCGGGGCCACCATGGCCCGC
    TTCCGACGACCCCGGCTGGGCTAGATGTAGCTGTTCCGCAGGCCCCGGTGGTACCGGGCG
    K  A  A  G  A  D  P  I  Y  I  D  K  A  S  G  A  T  M  A  R

5341                                                            5400
    CCGCAGTGGCGGGCCTGCCTGGCTGGCCTGGGCCCTGGGGACACCCTCATGGTGACTCGC
    GGCGTCACCGCCCGGACGGACCGACCGGACCCGGGACCCCTGTGGGAGTACCACTGAGCG
    P  Q  W  R  A  C  L  A  G  L  G  P  G  D  T  L  M  V  T  R

5401                                                            5460
    ATCGACCGACTCGGCCGATCCCTGGCCGATCTGGTGGCGACCCTGGACGCACTAGGCCGC
    TAGCTGGCTGAGCCGGCTAGGGACCGGCTAGACCACCGCTGGGACCTGCGTGATCCGGCG
    I  D  R  L  G  R  S  L  A  D  L  V  A  T  L  D  A  L  G  R

5461                                                            5520
    CGAGGTGTCGGGTTCCGTTCTTTGGCCGAGCAGCTCGACACCACCAGCCCAGGCGGGCTG
    GCTCCACAGCCCAAGGCAAGAAACCGGCTCGTCGAGCTGTGGTGGTCGGGTCCGCCCGAC
    R  G  V  G  F  R  S  L  A  E  Q  L  D  T  T  S  P  G  G  L

5521                                                            5580
    GCCCTGTTCCAGATGGCCGGGGTCTTCGCCGAATTCGAACGCCAACTGATCGCCGCCCGC
    CGGGACAAGGTCTACCGGCCCCAGAAGCGGCTTAAGCTTGCGGTTGACTAGCGGCGGGCG
    A  L  F  Q  M  A  G  V  F  A  E  F  E  R  Q  L  I  A  A  R
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5581                                                            5640
    ACCCGTGACGGACTGGCCGCAGCCCGAGCCCGAGGCCACCGGCCCGGACGCCCGGCCGCC
    TGGGCACTGCCTGACCGGCGTCGGGCTCGGGCTCCGGTGGCCGGGCCTGCGGGCCGGCGG
    T  R  D  G  L  A  A  A  R  A  R  G  H  R  P  G  R  P  A  A

5641                                                            5700
    CTCACCGCTGAGCAGCAGGCCAGCGCCCGTGATATGCGCGCCGCCGGCGCCTCGCTGGGA
    GAGTGGCGACTCGTCGTCCGGTCGCGGGCACTATACGCGCGGCGGCCGCGGAGCGACCCT
    L  T  A  E  Q  Q  A  S  A  R  D  M  R  A  A  G  A  S  L  G

5701                                                            5760
    TCGATCGCCAGAATCCTGGGCGTCTCGACCCGCACCATCACCCGCGTCACCACTTGAGAG
    AGCTAGCGGTCTTAGGACCCGCAGAGCTGGGCGTGGTAGTGGGCGCAGTGGTGAACTCTC
    S  I  A  R  I  L  G  V  S  T  R  T  I  T  R  V  T  T  *  <-
                                                       Stop ORF6
5761                                                            5820
    TGAGGTTGACCGTCCTGACGGACCGTCAACCCGAACCAGAAACGACTGCGCCGACGCCCC
    ACTCCAACTGGCAGGACTGCCTGGCAGTTGGGCTTGGTCTTTGCTGACGCGGCTGCGGGG

5821                                                            5880
    AGCCCGCGCCCCCTTTGCCAGGACCCACCAAGACCGGATCGACGAACGACTCTCGGATCG
    TCGGGCGCGGGGGAAACGGTCCTGGGTGGTTCTGGCCTAGCTGCTTGCTGAGAGCCTAGC

5881                                                            5940
    TTTTCGGCCGACCGAGGTCGTCACACTGTTGGCACTATTAGTACCACGGCGGAGTTCAAC
    AAAAGCCGGCTGGCTCCAGCAGTGTGACAACCGTGATAATCATGGTGCCGCCTCAAGTTG

5941                                                            6000
    GTCCGGACGTTAACTCTTGGCGTGGTCAGTGGCGACGCTTGGCATGGCGGGCAGCCGCCC
    CAGGCCTGCAATTGAGAACCGCACCAGTCACCGCTGCGAACCGTACCGCCCGTCGGCGGG
                Stop ORF7  ->  *  H  R  R  K  A  H  R  A  A  A

6001                                                            6060
    GGCGTTGGGCCCTGTTACCCGAGAGCTGGGGTGCCGGGCGCACTTGACCGAGCCCCGAGA
    CCGCAACCCGGGACAATGGGCTCTCGACCCCACGGCCCGCGTGAACTGGCTCGGGGCTCT
    R  R  Q  A  R  N  G  S  L  Q  P  A  P  R  V  Q  G  L  G  S

6061                                                            6120
    AGACATCGTGTTCAAACACCGGTGTCGGTGCCGGCTCGGACCGGGGCGGAACCGGTGTCG
    TCTGTAGCACAAGTTTGTGGCCACAGCCACGGCCGAGCCTGGCCCCGCCTTGGCCACAGC
    F  V  D  H  E  F  V  P  T  P  A  P  E  S  R  P  P  V  P  T

6121                                                            6180
    GCGTGGACGCCTCGGCCGGCTCGATGGGTGGTTGGTCGGGCAGGTCCAGGCCGTATTCGG
    CGCACCTGCGGAGCCGGCCGAGCTACCCACCAACCAGCCCGTCCAGGTCCGGCATAAGCC
    P  T  S  A  E  A  P  E  I  P  P  Q  D  P  L  D  L  G  Y  E

6181                                                            6240
    GATCGGCCGGGCTGATCCGGCGGGCCGCCGCGAAGTCGTCGTTGTACATGAGGCTGCCGT
    CTAGCCGGCCCGACTAGGCCGCCCGGCGGCGCTTCAGCAGCAACATGTACTCCGACGGCA
    P  D  A  P  S  I  R  R  A  A  A  F  D  D  N  Y  M  L  S  G

6241                                                            6300
    AGTGGATCCGGCGGAACTTCACGTCCTGGCGGTGGAGTTGGCGGGCGCGTTCCAGCCGTT
    TCACCTAGGCCGCCTTGAAGTGCAGGACCGCCACCTCAACCGCCCGCGCAAGGTCGGCAA
    Y  H  I  R  R  F  K  V  D  Q  R  H  L  Q  R  A  R  E  L  R
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6301                                                            6360
    CCTCCAGCACGGTGATCCGGGCCTCCAGACGCTCACGCTCACCCTGCTCCAGGTGCCGGG
    GGAGGTCGTGCCACTAGGCCCGGAGGTCTGCGAGTGCGAGTGGGACGAGGTCCACGGCCC
    E  E  L  V  T  I  R  A  E  L  R  E  R  E  G  Q  E  L  H  R

6361                                                            6420
    TCACCGTCACCGTCCGCACCGGCCGGGCCTCGGCCTGGGCGGCCCGGCGTTCCTCACTGG
    AGTGGCAGTGGCAGGCGTGGCCGGCCCGGAGCCGGACCCGCCGGGCCGCAAGGAGTGACC
    T  V  T  V  T  R  V  P  R  A  E  A  Q  A  A  R  R  E  E  S

6421                                                            6480
    CCCGCTTCCGGCAATCGTCGGAACACCACACCCGGGGCCGACCCCGCCCACCGTGGGCCT
    GGGCGAAGGCCGTTAGCAGCCTTGTGGTGTGGGCCCCGGCTGGGGCGGGTGGCACCCGGA
    A  R  K  R  C  D  D  S  C  W  V  R  P  R  G  R  G  G  H  A

6481                                                            6540
    CCACCGGCGCCCCGCAGTGGGGACACGCCCGCAGCGCCGACGCATCCTCATCCAAGGCCA
    GGTGGCCGCGGGGCGTCACCCCTGTGCGGGCGTCGCGGCTGCGTAGGAGTAGGTTCCGGT
    E  V  P  A  G  C  H  P  C  A  R  L  A  S  A  D  E  D  L  A

6541                                   RBS                      6600
    TCACCGGGTCGGAATCCATACCCGAAACCATATCGTCCGGACGATGAACTGCGCCAGACA
    AGTGGCCCAGCCTTAGGTATGGGCTTTGGTATAGCAGGCCTGCTACTTGACGCGGTCTGT
    M  V  P  D  S  D  M  G  S  V  M  <-  ORF7

6601                                                            6660
    GCTAAGAATGCACGAGGTGTGTCTCCGATTCTCAGGAAACGCTCAGCATTTTCCGAGACG
    CGATTCTTACGTGCTCCACACAGAGGCTAAGAGTCCTTTGCGAGTCGTAAAAGGCTCTGC

6661                                                            6720
    TTCGGCGCACGCACACACCCCCACAAGAACCGACCCGCCCAGCATCCGCCGACACGTCGA
    AAGCCGCGTGCGTGTGTGGGGGTGTTCTTGGCTGGGCGGGTCGTAGGCGGCTGTGCAGCT

6721                                                            6780
    TCCGCACCCGCGATGGGCTGGCCGAGGCCGACTACGACCGCTAGTCAGCACCTGCGCTGA
    AGGCGTGGGCGCTACCCGACCGGCTCCGGCTGATGCTGGCGATCAGTCGTGGACGCGACT

6781                                                            6840
    TCTACCGTCGCCCTGACCGACTCTCCCGTCGGGATTGTCGCCGGCCGCTGCCAGCATGGA
    AGATGGCAGCGGGACTGGCTGAGAGGGCAGCCCTAACAGCGGCCGGCGACGGTCGTACCT

6841                            6868
    CCTGCGGCCCCGCCCCCTCGCCCTGCAA
    GGACGCCGGGGCGGGGGAGCGGGACGTT
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