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A. Introduction

Brachyspira (B.) hyodysenteriae is the etiological agent of swine dysentery (SD), a

infectious mucohaemorrhagic diarrhea occuring worldwide and causing significant

economic losses mainly due to retarded growth of the recovered pigs. The outcome

of an infection with B. hyodysenteriae is influenced by a number of factors. Thus

treatment of SD is hampered by a limited number of efficacious antibiotics and an

increasing number of restistant strains, and none of the experimental vaccines

described to date prevented colonization and shedding of B. hyodysenteriae.

Brachyspira species are gram-negative, loosely coiled, motile, obligate anaerobic

spirochaetes. In addition to B. hyodysenteriae, four other Brachyspira species

colonize the porcine intestine, namely B. murdochii, B. innocens, B. pilosicoli, and

B. intermedia. The latter two species are known to also cause disease, but the

clinical and histological picture seen is cleary distinct from that in SD.

The pathogenesis of SD is still not fully understood. Several potential virulence-

associated factors such as hemolysins, chemotaxis and motility were identified and

some of them proven to be involved in the development of SD. In addition, the NADH

oxidase increasing the resistance to external oxidative stress, and several surface-

associated proteins with unknown function have been identified. A physical and

genetic map of the B. hyodysenteriae type strain B78T has been constructed, and

there is evidence of B. hyodysenteriae being recombinant with an epidemic

population structure. A generalized transducing phage is hypothesized to be a major

factor in B. hyodysenteriae evolution.

As the molecular basis for the distinct pathogenicity of B. hyodysenteriae is not

known to date, and based on the hypothesis that genes encoding virulence-

associated factors may be species-specific, the first aim of this work was to isolate

and characterize B. hyodysenteriae-specific genes using the Representational

Difference Analysis technique by substracting the genome of B. hyodysenteriae from

those of the other four Brachyspira species. The further goal of this study was to

mutagenise the identified B. hyodysenteriae-specific genes in order to investigate

their involvment in the pathogenesis of SD.
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B. Literature review

B.1. Brachyspira hyodysenteriae

B.1.1. Taxonomy

The genus Brachyspira belongs to the family Brachyspiraceae which, together with

the families Spirochaetaceae and Leptospiraceae, forms the order Spirochaetales

(OLSEN et al. 2000; PASTER and DEWHIRST 2000).

Members of the genus Brachyspira exhibit the common morphological features of all

spirochaetes; a helical structure with internal organells of motility called periplasmic

flagella located between the helical protoplasmic cylinder and the outer sheath

(HOLT et al. 1994; HOVIND-HOUGEN et al. 1990; PASTER and CANALE-PAROLA

1980). The periplasmic flagella are inserted at each end of the protoplasmic cylinder

and overlap in the centre of the cell.

Brachyspira species are gram-negative, loosely coiled, motile, oxygen-tolerant,

anaerobic spirochaetes. Five different Brachyspira species have been isolated and

identified from the swine intestine to date. B. hyodysenteriae is the etiological agent

of swine dysentery (SD), a severe mucohaemorrhagic diarrheal disease, and is

considered the most virulent Brachyspira species in swine. B. pilosicoli has a wide

host range and causes "porcine intestinal spirochaetosis" in swine (TROTT et al.

1996), also termed "spirochaetal diarrhea" (HAMPSON and TROTT 1999) or

"porcine colonic spirochaetosis" (GIRARD et al. 1995), a less severe colitis, clinically

and pathologically distinct to SD (TAYLOR et al. 1980; TAYLOR and TROTT 1997).

The pathogenic potential of B. intermedia is still discussed controversially

(FELLSTRÖM and GUNNARSSON 1995; TAYLOR and TROTT 1997). B. murdochii

(LEE and HAMPSON 1994; STANTON et al. 1997) and B. innocens (KINYON and

HARRIS 1979; STANTON et al. 1991) are classified as apathogenic spirochaetes. It

appears, however, that B. intermedia, B. innocens and B. murdochii are capable of

causing disease under certain conditions (BLAHA et al. 1984; TAYLOR and TROTT

1997).



                                                                     Literature review                                                                     

17

B.1.2. Swine dysentery

B.1.2.1. Importance, epidemiology and disease

Swine dysentery (SD) is a highly contagious and severe diarrheal disease

characterized by a mucofibrinous, diphteroid to hemorrhagic-necrotic colitis in the

large intestine (POHLENZ 1991). SD is commonly seen in pigs of 15-70 kg, although

pigs of all ages can be affected; it causes significant economic losses due to

mortality, retarded growth, poor feed conversion rate and high medication costs

(HAMPSON 1991; WINDSOR and SIMMONS 1981).

SD is occuring worldwide. It was the second most commonly diagnosed enteric

disease of pigs in Great Britain (TAYLOR 1995). A herd prevalence of 33 % was

reported in Western Australia (MHOMA et al. 1992) and in Iowa, USA (MAPOTHER

1993). Since the early 1990s SD appears to have become a less severe problem in

the USA and in Australia (HAMPSON et al. 1997), whereas it is still a significant

problem in Europe (HAMPSON 2000). Thus, B. hyodysenteriae is still the most

commonly isolated Brachyspira species in fecal samples of pig herds in Northern

Germany (VERSPOHL et al. 2001) and in Belgium (HOMMEZ et al. 1998). In

contrast, surveys in Schweden, Norway, the UK, Finnland and Brazil revealed a

higher prevalence of B. pilosicoli than B. hyodysenteriae (BARCELLOS et al. 2000;

FELLSTRÖM et al. 1996b; FLO and BERGSJO 2000; HEINONEN et al. 2000;

THOMSON et al. 2001).

SD is usually introduced into a B. hyodysenteriae-free herd by asymptomatic carrier

pigs (WINDSOR and SIMMONS 1981) shedding the infectious agent irregularly and

in low numbers over a period of several months (AMTSBERG and MERKT 1986;

FISHER and OLANDER 1981; SONGER and HARRIS 1978). Moreover, wild rodents

may serve as a reservoir distributing B. hyodysenteriae as living vectors (BLAHA et

al. 1984; HAMPSON 1991; JOENS and KINYON 1982), and B. hyodysenteriae may

also persist in the enviroment (BOYE et al. 2001). The route of infection is via

ingestion of contaminated fecal material.

Experimentally infected pigs start to shed B. hyodysenteriae with their feces three to

18 days post infectionem, usually before the onset of clinical signs (KINYON et al.

1977). After a mean incubation period of 10-14 days (AMTSBERG and MERKT
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1986; SONGER and HARRIS 1978) the first evidence of SD with soft yellow to grey

feces is observed together with partial anorexia and elevated body temperature.

Progessively the feces contain fresh blood, mucus, fibrin clots and epithelial debris.

Prolonged diarrhea leads to dehydration, acidosis, hyperkalemia and death (HARRIS

et al. 1999).

In acute cases of SD in weanling pigs morbidity may reach 90% and mortality 30%,

in chronically infected herds the course of SD may be less severe. Upon

experimental infection the mortality mostly reaches 50% (AMTSBERG and MERKT

1986; HARRIS et al. 1999).

The presence of B. hyodysenteriae in pigs does not always result in clinical disease

(HAMPSON et al. 1992; MHOMA et al. 1992). The outcome of the infection with

B. hyodysenteriae varies among individual pigs and at herd level and is influenced by

different factors. Thus clinical expression of SD appears to have a dietary

component. Feeding highly-digestible diet results in protection or reduced incidence

of SD, suggesting an alteration in the intestinal environment and in the composition

of the resident microflora inhibiting the colonization of B. hyodysenteriae (DURMIC et

al. 1998; DURMIC et al. 2002; PLUSKE et al. 1996a; PLUSKE et al. 1996b; PLUSKE

et al. 1998; SIBA et al. 1994; SIBA et al. 1996). However, other groups were not able

to fully confirm these results (BAUMANN and BILKEI 2002; LINDECRONA et al.

2000) . Furthermore, supplementing zinc has been shown to modify symptoms of SD

in a mouse model (ZHANG et al. 2001). Both diet and microflora are able to influence

production of mucins (SHARMA et al. 1995), and mobility of B. hyodysenteriae in

mucus is most important for colonization (MILNER and SELLWOOD 1994).

Initial experiments to reproduce SD in gnotobiotic pigs by infection with

B. hyodysenteriae failed, but disease was produced in the presence of other

anaerobes (HARRIS et al. 1978; MEYER et al. 1975; WHIPP et al. 1979; WHIPP et

al. 1980). Later, several groups showed that B. hyodysenteriae is able to colonize the

porcine intestine and causes disease in gnotobiotic pigs without other anaerobs,

using a higher inoculum and producing SD with less severity (POHLENZ et al. 1983;

WHIPP et al. 1982). This suggests that other anaerobic bacteria, such as

Bacteroides fragilis, Bacteroides vulgatus and Fusobacterium necrophorum, naturally

act as supporting organisms for the colonization of B. hyodysenteriae and may
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contribute to the severity of SD (AMTSBERG and MERKT 1986; HAMPSON et al.

1997; WHIPP et al. 1982).

Further, a variety of stress factors including change in feed, transportation,

overcrowding, castration and extreme changes in enviromental temperature may

influence the severity of SD (HAMPSON et al. 1997; HARRIS et al. 1999).

In addition, ACHACHA et al. (1996) revealed a great variation in virulence among

B. hyodysenteriae field isolates, and LYSONS et al. (1982) as well as LEE et al.

(1993a) described avirulent B. hyodysenteriae strains being recovered from healthy

pig herds.

Pleuromutilins (Tiamulin and Valnemulin), Lincomycin and makrolid antibiotics

(Tylosin) have been successfully employed to control SD (HEINRITZI and

BEINBAUER 2000; RAINIER et al. 1980; WOOD and LYSONS 1988). However, an

increasing drug resistance of B. hyodysenteriae strains against Lincomycin, Tylosin,

Tiamulin and Valnemulin has been reported (BINEK et al. 1994; BULLER and

HAMPSON 1994; FELLSTRÖM et al. 1996a; KARLSSON et al. 2002; KESSLER

2002; MOLNAR 1996). The genetic basis of Tylosin resistance has been identified

recently and is caused by a single base mutation of the 23S rRNA gene (KARLSSON

et al. 1999); the molecular mechanism of resistance to the other antibiotics is not

known yet, and resistance is likely to become a greater problem in the future

(HAMPSON 2000).

B.1.2.2. Pathogenesis of SD

Swine dysentery is caused by the colonization and proliferation of B. hyodysenteriae

in the large intestine. The organism survives the passage through the acidic

enviroment of the stomach protected by mucus (HAMPSON et al. 1997). Their ability

to colonize the large intestine is influenced by factors in the local enviroment,

particulary those associated with diet and the resident microflora (HAMPSON et al.

1997). B. hyodysenteriae invades the mucus layer and the colonic crypts and is

frequently seen in goblet cells, in intercellular gaps, in the cytoplasma of

degenerative epithelial cells and sometimes in the lamina propria (GLOCK and

HARRIS 1972; KENNEDY et al. 1988; POHLENZ et al. 1983). POHLENZ et al.
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(1983; 1984) suggest an active invasion of B. hyodysenteriae into goblet cells,

associated with hypersecretion of mucus, changes in mucus composition and crypt

hyperplasia, and inflammatory reactions as the result of secondary infections. The

damage of the mucosa and the submucosa is characterized by superficial necrosis,

eroded epithelium, edema and leucocytic infiltration.

The extensive fluid losses seen in SD are the result of colonic malabsorption due to

decreased lumen-to-blood fluxes of sodium and chloride (ARGENZIO et al. 1980;

SCHMALL et al. 1983). The level of cyclic adenosine monophosphate and cyclic

guanosine monophosphate in the colon of infected pigs were shown to be normal,

demonstrating that an enterotoxic mechanism is not involved in the pathogenesis of

SD (SCHMALL et al. 1983).

B.1.2.3. Immunity and vaccination

Immunity following experimental infection with B. hyodysenteriae is variable

(HAMPSON et al. 1997) and partially serotype specific [see B.1.3](JOENS et al.

1983). The infection with B. hyodysenteriae is followed by an increase in antibody

titers in the serum and in the secretions of the gastrointestinal tract, leading to

varying degrees of resistance to SD (JENKINS and ROBERTS 1980; JOENS et al.

1979). However, the heights of serum titers are not correlated with protection

(FERNIE et al. 1983; REES et al. 1989). Therefore, cellular immunmechanism are

suggested to be responsible for the protection against B. hyodysenteriae (GALVIN et

al. 1997; WATERS et al. 2000a; WATERS et al. 2000b). Parenteral (FERNIE et al.

1983; HAMPSON et al. 1993; OLSON et al. 1994) and oral (HUDSON et al. 1974;

JENKINS et al. 1987) immunization with B. hyodysenteriae resulted only in partial or

no protection. None of the experimental vaccines described to date prevented

colonization and shedding of B. hyodysenteriae (GALVIN et al. 1997). However,

bacterin vaccines are commercially available in some parts of the world and have

been used to eradicate SD from infected herds (HAMPSON 2000).

Several serological tests have been developed; they are useful for detecting infected

herds, but cannot be used for individual pigs due to low sensitivity and specificity

(HARRIS et al. 1999; LA and HAMPSON 2001).
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B.1.3. Phenotypical characterization of B. hyodysenteriae

B. hyodysenteriae (formerly known as Serpulina hyodysenteriae) was first isolated

and characterized in 1971 (TAYLOR and ALEXANDER 1971) and originally

designated as Treponema hyodysenteriae (HARRIS et al. 1972). Subsequently it

was renamed several times based on genetic studies, and finally classified as

Brachyspira based on results of 16S rRNA gene sequence analyses (OCHIAI et al.

1997).

On blood agar plates B. hyodysenteriae does not produce discrete colonies, instead

forming a thin, translucent haze-like film with a strong hemolysis in 3-6 days. The

biochemical differentation of the five relevant Brachyspira species in swine is

performed by investigating α-galactosidase, α- and β-glucosidase, the indole

reaction, the ability to cleave hippurate, and the degree of haemolysis (FELLSTRÖM

and GUNNARSSON 1994; FELLSTRÖM and GUNNARSSON 1995; FELTRUP et al.

1999; STANTON et al. 1997; TROTT et al. 1996). Most strains of B. hyodysenteriae

have an α-glucosidase activity, and all strains seem to lack α-galactosidase and

hippurate hydrolysis capacity, but show strong haemolysis; the indol production is

variable (FELLSTRÖM et al. 1999; FELTRUP et al. 1999; HOMMEZ et al. 1998;

VERSPOHL et al. 2001). KINYON and HARRIS (1979) proposed the use of fructose

fermentation to differentiate between B. hyodysenteriae (fructose fermentation

negative) and B. innocens (fructose fermentation positive). In contrast, STANTON

and LEBO (1988) showed that B. hyodysenteriae uses fructose as a growth

substrate. Several DNA-based techniques for identification of Brachyspira species

are reported, including 16S rRNA oligonucleotide probes (JENSEN et al. 1990;

JENSEN et al. 1992), polymerase chain reaction [PCR] (ATYEO et al. 1998; ELDER

et al. 1994; FELLSTRÖM et al. 2001; LESER et al. 1997), restriction fragment length

polymorphism-PCR (ROHDE et al. 2002) and multilocus enzyme electrophoresis

(LEE et al. 1993a; LEE et al. 1993b; LEE and HAMPSON 1994; STANTON et al.

1996).

Serotyping is based on lipopolysaccharide (LPS) containing extracts of

B. hyodysenteriae (BAUM and JOENS 1979; LEMCKE and BEW 1984) . As complex
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cross reactivities among a number of serovars has been observed, the organization

of B. hyodysenteriae into serogroups has been suggested; to date 11 serogroups

(A-K) have been proposed which are subdivided into up to five serovars each

(HAMPSON et al. 1989; HAMPSON et al. 1997; LAU and HAMPSON 1992).

B.1.4. Genetic organization

B. hyodysenteriae contains a single circular chromosome approximately 3.2 Mb in

size (ZUERNER and STANTON 1994). In contrast, the genome of B. pilosicoli is

approximately 2.4 Mb in size (VAN DER ZEIJST and TER HUURNE 1997). A

physical and genetic map of the type strain B. hyodysenteriae B78T has been

constructed using PFGE and DNA hybridization (ZUERNER and STANTON 1994).

Physical maps of different strains of B. hyodysenteriae appear to be conserved

(ZUERNER 1997). COMBS et al. (1992) suggested plasmid DNA may be present in

Australian B. hyodysenteriae isolates and TURNER and SELLWOOD (1997)

reported extracellular DNA of B. hyodysenteriae, but there is evidence that these

DNA fragments may be generated during induction of the lysogenic phage VSH-1

integrated into the genome of many, if not all, B. hyodysenteriae and B. innocens

strains (HUMPHREY et al. 1995). HUMPHREY et al. (1997) and STANTON et al.

(2001) reported that the phage is capable of packing and transferring host DNA

between cells, and suggested a mechanism of genetic exchange. TROTT et al.

(1997) demonstrated evidence of B. hyodysenteriae being recombinant with an

epidemic population structure using multilocus enzyme electrophoresis. STANTON et

al. (2001) hypothesized that VSH-1 has been the major factor in B. hyodysenteriae

evolution due to its generalized transducing capability.

DNA-DNA reassociation experiments demonstrated a homology of less than 40%

between B. hyodysenteriae and the species B. innocens, B. pilosicoli, and

B. murdochii (MIAO et al. 1978; STANTON et al. 1991; STANTON et al. 1997;

TROTT et al. 1996); B. intermedia revealed a homology of 57% to B. hyodysenteriae

by DNA-DNA reassociation experiments (STANTON et al. 1997).
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B.1.5. Molecular biology of B. hyodysenteriae

The genome of B. hyodysenteriae contains a low G+C content of 26% (MIAO et al.

1978), therefore A- and T-rich codons are extensively used (VAN DER ZEIJST and

TER HUURNE 1997). The knowledge about regulatory elements in Brachyspria is

limited; standard -10 and –35-promoter sequences and standard ribosome binding

sites and in the flaB gene a σ-28 consensus sequence have been described (VAN

DER ZEIJST and TER HUURNE 1997); however, no B. hyodysenteriae promoter

has been characterized in detail yet.

Three reports suggest differential expression of gene products in B. hyodysenteriae

including the smpA gene product (SELLWOOD et al. 1995), an inducible sucrase

(JENSEN and STANTON 1994), and a hydrogen peroxide-inducible catalase (VAN

DER ZEIJST and TER HUURNE 1997).

B.1.6. Virulence factors

The pathogenesis of SD is still not fully understood. Several potential virulence

associated factors were identified and some of them were proven to be involved in

the development of SD.

B.1.6.1. Motility and chemotaxis

Most bacteria including E. coli and Salmonella typhimurium are immobile in viscous

intestinal mucus. In contrast, B. hyodysenteriae is highly motile and demonstrates a

corkscrew-like motility in mucus (KENNEDY et al. 1988) and, therefore, is able to

colonize the mucus layer and the colonic crypts. The genes encoding the periplasmic

flagella consisting of inner core and sheath proteins have been cloned and

characterized (GABE et al. 1995; KOOPMAN et al. 1992b; KOOPMAN et al. 1992a;

KOOPMAN et al. 1993). The inactivation of flagellar genes resulted in a mutant

highly attenuated in a murine model (ROSEY et al. 1996) and avirulent in swine

(ROSEY et al. 1994).

The motility of B. hyodysenteriae appears to be directed towards the mucus located

on the luminal surface and lining the crypts (JOENS 1997; KENNEDY et al. 1988).



                                                                     Literature review                                                                     

24

MILNER and SELLWOOD (1994) demonstrated a chemotactic response of

B. hyodysenteriae to porcine intestinal mucus and showed that virulent

B. hyodysenteriae strains were significantly more chemotactic than avirulent strains

of B. hyodysenteriae or strains of B. innocens and B. intermedia. KENNEDY and

YANCEY (1996) showed that fucose and L-serine, both components of mucus

glycoproteins, induced a strong chemotactic response. These results suggested that

motility and chemotaxis are important virulence factors (TER HUURNE and

GAASTRA 1995; YANCEY et al. 1988).

B.1.6.2. Adherence

Adhesion of B. hyodysenteriae to epithelial cells is thought to be another potential

virulence factor (BINEK et al. 1986; BOWDEN et al. 1989; KNOOP et al. 1979).

Adherence mechanism displayed by B. hyodysenteriae have been defined in vitro by

BOWDEN et al. (1989). However, neither specific nor non-specific adherence

mechanisms of B. hyodysenteriae to epithelial cells could be defined in vivo, where

B. hyodysenteriae cells line the crypts and lumen of the intestine in a random fashion

(KENNEDY et al. 1988; YANCEY et al. 1988). Based on these results KENNEDY et

al. (1988) suggested that not adhesion but penetration of and/or trapping in the

mucus gel represents the predominant mechanism of mucosal association by

B. hyodysenteriae.

B.1.6.3. Oxygen metabolism

B. hyodysenteriae contains the NADH oxidase (NOX), an enzyme reducing

molecular oxygen to water (STANTON 1989). JENSEN and STANTON (1993)

suggested that the ability to withstand external oxidative stress is important for the

colonization of the large intestine. B. hyodysenteriae nox mutant strains are less

virulent in swine as compared to the wild-type strains (STANTON et al. 1999).

However, the NADH oxidase is known to be present in strains throughout the genus

Brachyspira (STANTON 1997) and, therefore, does not present a species-specific

virulence factor.
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B.1.6.4. Hemolysins

Hemolysin production of B. hyodysenteriae has been considered an important

virulence factor. Hemolysins have been purified. The reported size of purified

hemolysins of B. hyodysenteriae varies from 19 to 74 kDa (KENT et al. 1988;

KNOOP 1981; SAHEB et al. 1980). Swine intestinal loops exposed to purified

B. hyodysenteriae hemolysin developed lesions similar to those seen in natural

cases of SD (LYSONS et al. 1991). Four hemolysin genes (tlyA, tlyB, tlyC and hlyA)

have been cloned and sequenced. The tlyA gene is absent in B. innocens, the hlyA

gene is present in both B. hyodysenteriae and B. intermedia (HSU et al. 2001; MUIR

et al. 1992; TER HUURNE et al. 1994). All proteins encoded by the tly genes are

hemolytic and cytotoxic for epithelial cells in vitro (MUIR et al. 1992; TER HUURNE

et al. 1994). A tlyA-minus mutant has been constructed showing reduced hemolytic

activity and decreased enteropathogenicity in mice (TER HUURNE et al. 1992) and

in pigs (HYATT et al. 1994). The mode of action of the tly and hly encoded

hemolysins is still unknown. It is also unclear if the encoded proteins are identical to

the hemolysins isolated and purified from culture supernatants of B. hyodysenteriae

(KNOOP 1981; SAHEB et al. 1980).

B.1.6.5. Lipooligosaccharides (LOS)

Lipopolysaccharides (LPS) of gram-negative bacteria can exhibit a wide range of

biological activities and are involved in the pathogenesis of a variety of diseases.

Lipooligosaccharides (LOS) of B. hyodysenteriae contain the major determinant

contributing to serospecificity, and WANNEMUEHLER et al. (1988) suggested LOS

as the prime target of host immune response. Furthermore, LOS were speculated to

be involved in the formation of lesions typical for SD (NUESSEN et al. 1983). LOS

extractions and endotoxin preparations of B. hyodysenteriae exhibit biological

activities. However, GREER and WANNEMUEHLER (1989) demonstrated no

difference in biological activity of LOS from B. hyodysenteriae and B. innocens,

concluding that virulence does not depend on the activity of LOS or endotoxin

preparations. In different assays the biological activity of LOS of B. hyodysenteriae

has shown to differ from that of LPS of Enterobacteriaceae (JOENS 1997).
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B.1.6.6. Outer membrane proteins

The outer membrane of B. hyodysenteriae is unique among bacteria as it contains

cholesterol as a major component (PLAZA et al. 1997). Furthermore, several outer

membrane proteins identified in B. hyodysenteriae are unique amongst bacteria

(TROTT et al. 2001) and may stimulate a protective immune response (THOMAS

and SELLWOOD 1993).

The antigenic lipoprotein SmpA (16 kDa) of B. hyodysenteriae appears to be

enviromentally regulated and to be expressed in vivo during the early colonization

phase (SELLWOOD et al. 1995; THOMAS et al. 1992; THOMAS and SELLWOOD

1992; THOMAS and SELLWOOD 1993). Subsequent examinations revealed a

variation in the smpA genes of different B. hyodysenteriae isolates, and the smpA

gene seems not to be B. hyodysenteriae-specific (THOM and TAYLOR 1993;

TURNER et al. 1995). Another immunogenic lipoprotein of the outer membrane

designated as BmpB (30 kDa) was identified and expressed in E. coli and appears to

be specific for B. hyodysenteriae (LEE et al. 2000; LEE and HAMPSON 1996).

Proteins encoded by the multi-gene family vsp (variable surface proteins) has been

suggested to contain variable surface epitopes of B. hyodysenteriae and may be

involved in antigenic variation facilitating immune evasion or allowing an adaptive

reponse to other enviromental stressors (MCCAMAN et al. 1999; MCCAMAN et al.

2003). The highly conserved genes vspA-H were identified as two unlinked four-

membered gene clusters, and the vspH gene encoding a 39 kDa membrane protein

of B. hyodysenteriae was shown to be recognized by convalescent sera (GABE et al.

1998; MCCAMAN et al. 1999; MCCAMAN et al. 2003).

The glucose-galactose lipoprotein MglB, encoded by the mglB gene and first

identified in B. pilosicoli (ZHANG et al. 2000), is also immunogenic and a putative

virulence-associated factor; in E. coli the mglB gene is involved in transport of

glucose and galactose as well as in chemotaxis. WALKER et al. (2002) observed,

using a PCR approach, that the majority of virulent B. hyodysenteriae isolates seem

to contain the mglB gene, whereas only a third of mild or avirulent B. hyodysenteriae

were mglB positive.
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B.1.6.7. Iron acquisation

Iron is needed for important cell functions such as respiration; due to the limited

concentration of iron in the host, bacteria have acquired iron uptake systems.

DUGOURD et al. (1999) identified and characterized the bit (Brachyspira iron

transport) genomic region encoding an iron ATP-binding cassette transport system

and suggested a correlation with pathogenicity of B. hyodysenteriae. The Bit system

was only detected in B. hyodysenteriae and not in B. innocens or B. pilosicoli.

B.2. Phosphoenolpyruvate:carbohydrate phosphotransferase
systems (PTS)

Bacteria can ferment a variety of carbon sources, and are capable of sensing and

reacting to their continuously changing surroundings. Therefore, bacteria possess

sensory systems to monitor their environment. One of these is the

phosphoenolpyruvate:carbohydrate phosphotransferase system (PTS) which

presents a complex system. PTSs have three functions in general: (1) transport and

phoshorylation of carbohydrates, (2) initiation of movement towards these carbon

sources (positive chemotaxis) and (3) regulation of other metabolic pathways

(POSTMA et al. 1993; SAIER 2001). PTSs are present in gram-positive and gram-

negative bacteria, mainly in obligate and facultative anaerobic species (POSTMA et

al. 1993).

B.2.1. Overall reaction

PTSs phosphorylate carbohydrates, and this process is coupled to the translocation

of the carbohydrate across the cytoplasmic membrane. The energy for this process is

provided by dephosphorylation of one molecule of the glycolytic intermediate

phosphoenolpyruvate (PEP). Using PTS for the transport of carbohydrates is highly

energy efficient, as one molecule PEP equals one ATP in "energy currency"

(POSTMA et al. 1993), and active accumulation and phosphorylation of
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carbohydrates by non-PTSs more than one ATP equivalent must be expended per

monosaccharide molecule.

B.2.2. Organization of PTS proteins

PTSs are composed of carbohydrate-specific enzymes II (EIIs) containing three (IIA,

IIB, IIC) or sometimes four functional domains (IID) and the general PTS proteins,

enzyme I (EI) and HPr (histidine protein) which participate in the phosphorylation of

all PTS carbohydrates in an organism. EI, HPr, EIIA, and EIIB are phoshorylated in a

cascadic fashion upon dephosphorylation of PEP resulting in the phosphorylation

and translocation of the carbohydrate through the membrane. EI and HPr are soluble

and are located in the cytoplasm. Organization and schematic illustration of the

phosphotransfer reaction of PTSs is shown in Fig. 1.
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Fig. 1: Organization and schematic illustration of the phosphotransfer
reaction of PTSs found in enteric bacteria. Enzmye I (EI) and HPr
(histidine protein) represent general proteins for all PTSs. Of the many
specific EII, only those specific for mannitol, glucose, mannose and
fructose are shown with their domains A-D. DTP is the diphosphoryl
transfer protein which consists of enzyme IIA domain (A), a central
domain (M) and a HPr-like domain in a single polypeptide chain. P~
indicates the phosphorylated forms of the various proteins. PEP,
phosphoenolpyruvate (POSTMA et al. 1993; SAIER and REIZER 1992).

B.2.3. Enzyme II of PTSs

The sugar specificity of the enzymes II is indicated by a three letter superscript

abbreviation of the sugar, for example Fru for fructose and Glc for glucose (SAIER

and REIZER 1992).

EIIs with three to four functional domains may comprise one to four proteins. Their

arrangement (shown in Fig. 1) is variable in the distinct families of EIIs and are most

likely the result of fusion and splitting during evolution; however, the variations do not
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reflect any mechanistic differences (POSTMA et al. 1996). The functional domains of

EII, comprising a total of 630 amino acid residues, may be free or fused and may be

arranged in different orders. The hydrophilic domain IIA (ca. 100 residues) contains a

conserved histidine residue for phosphorylation by P-HPr; the hydrophilic domain IIB

(ca. 100 residues) is phosphoralated by P-IIA at a conserved cysteine residue, and

the phosphoryl group is transmitted onto the transported carbohydrate. Domains IIC

(ca. 350. residues, also termed as permease), containing a highly conserved

glutamate residue, an essential hydrophilic residue (histidine or aspargine) and six to

eight transmembrane helices and one large hydrophilic loop, are the integral

membrane portions of EIIs forming the translocation channel and providing the

specific sugar binding site (GRISAFI et al. 1989; POSTMA et al. 1996). EIIs have

been grouped into at least six families based on sequence alignments: (1) the

glucose/sucrose family; (2) the fructose/mannitol family; (3) the

lactose/diacetylchitobiose/cellobiose family; (4) the glucitol family; (5) the galactitol

family and (6) the mannose/sorbose/fructose family (SAIER 2000). The amino acid

sequences of the EIIs belonging to one family share more than 25% identical amino

acid residues over the entire molecule, whereas sequence similarity for members of

different families is restricted to local motifs (POSTMA et al. 1993). Almost any PTS

carbohydrate can be taken up via more than one enzyme II (POSTMA and

LENGELER 1985).

B.2.4. Genetic organization

In general, genes encoding PTS proteins are mostly organized in operons and

regulons. In E. coli and S. typhimurium the general PTS proteins EI and HPr encoded

by the genes ptsI and ptsH, respectively, are clustered in the pts operon together

with the gene crr endocing IIAGlc (glucose-specific EIIA). They are expressed

constitutively and controlled by global regulatory systems only (BYRNE et al. 1988;

DE REUSE and DANCHIN 1991; NELSON et al. 1984; SAFFEN et al. 1987).

The substrate-specific PTSs are organized in operons together with genes for the

corresponding catabolic enzymes, and the major substrate acts as inducer (POSTMA

et al. 1993; POSTMA and LENGELER 1985). The induction is initiated by
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phosphorylated or free PTS carbohydrate in the cytoplasm. The majority of inducible

PTS operons analyzed to date are either regulated in a negative way by repressor-

operator pairs or in a positive way by activator-initiator pairs. The expression of a few

PTS proteins is regulated by antiterminator proteins (POSTMA et al. 1993).

B.2.5. Fructose-specific PTS

B.2.5.1. General comments

The proteins IIFru of E. coli, Xanthomonas campestris, Rhodobacter capsulatus,

Salmonella typhimurium, and Bacillus subilis have been sequenced and analyzed

recently (CRECY-LAGARD et al. 1991a; CRECY-LAGARD et al. 1991b; GEERSE et

al. 1989a; PRIOR and KORNBERG 1988; REIZER et al. 1999; WU and SAIER

1990). Based on sequence similarity they belong to the fructose/mannitol family. The

domain structure of IIFru proteins in enteric bacteria is unusual; the domain IIAFru is

part of a soluble protein called DTP (diphosphoryl transfer protein) or FPr with three

domains: at the amino-terminus IIAFru, followed by a central part with unknown

function and a carboxy-terminal part resembling the E. coli HPr (GEERSE et al.

1989a). Furthermore, an internal duplication of the domain IIB was observed in

E. coli, Rhodobacter capsulatus and Xanthomonas campestris resulting in the

structure IIB′BC (CRECY-LAGARD et al. 1991a; PRIOR and KORNBERG 1988; WU

and SAIER 1990). Whereas fructose-specific PTSs in enteric bacteria form fructose-

1-P, a fructose-6-P-forming PTS with the enzyme domains IICFru and IIDFru was

identified in Bacillus subtilis (REIZER et al. 1999).

B.2.5.2. Genetic organization of fructose-specific PTSs

D-fructose is transported by different PTSs in E. coli, but only the fru operon is

inducible by fructose and is encoding the corresponding catabolic genes (POSTMA

et al. 1993). The fruFKA-operon in enteric bacteria consists of the genes fruF, fruK

and fruA encoding the protein FPr, a fructose 1-phosphate kinase and an EIIFru,

respectively, and is regulated by the repressor FruR which binds fructose-1-

phosphate with high affinity and fructose with low affinity as inducer (GEERSE et al.
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1986; GEERSE et al. 1989a; JAHREIS et al. 1991; KORNBERG and ELVIN 1987;

PRIOR and KORNBERG 1988).

B.2.5.3. The repressor FruR, now designated as Cra

The repressor of the fru operon in enteric bacteria, FruR, controls, in addition to the

fru operon, the transcriptional expression of several other genes involved in the

carbon and energy metabolism by repressing sugar catabolic systems (i.e. key

enzymes in the Embden-Meyerhof-Parnas and Entner-Doudoroff pathways) and

activating sugar anabolic systems (i.e. key enzymes in the Krebs cycle,

gluconeogenic pathway, and electron transfer) independently of the regulation by

cyclic AMP and cyclic AMP receptor protein CRP (CHIN et al. 1987; CHIN et al.

1989; GEERSE et al. 1989a; GEERSE et al. 1989b; SAIER 1996). Therefore FruR

was designated as the catabolite repressor/activator (Cra) protein (SAIER 1996;

SAIER and RAMSEIER 1996).

The gene encoding the Cra protein (334 amino acids), cra, maps at min two on the

S. typhimurium or E. coli chromosome in a monocistronic operon (JAHREIS et al.

1991; LECLERC et al. 1990; VARTAK et al. 1991), whereas the fru operon is

localized at min 47. The deduced amino acid sequence of cra revealed homologies

to several other transcriptional repressors such as the lactose (LacI), the galactose

(GalR) and the purine (PurR) repressor of E. coli, and therefore Cra belongs to the

LacI-GalR family of transcriptional repressors (JAHREIS et al. 1991; LECLERC et al.

1990; VARTAK et al. 1991). All members of this family possess an amino-terminal

helix-turn-helix motif common for DNA-binding proteins, and a carboxy-terminal

ligand-binding domain homologous to periplasmic components of the ribose transport

and chemotaxis system of E. coli and S. typhimurium (NGUYEN and SAIER 1995;

VARTAK et al. 1991; WEICKERT and ADHYA 1992).

In vitro DNA-binding approaches were used to examine the specificity and function of

purified Cra (BLEDIG et al. 1996; RAMSEIER et al. 1993; RAMSEIER et al. 1995;

RYU et al. 1995). A consensus sequence for Cra binding, an incomplete palindrome,

has been derived from these experiments containing an AATC consensus

tetranucleotide typical for regulators of the LacI-GalR family (NEGRE et al. 1996;
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RAMSEIER et al. 1995). The degenerated nature of the Cra consensus sequence

may reflect the pleiotropic nature of the Cra function with a large number of DNA

sites to which Cra can bind with various affinities (RAMSEIER et al. 1995). The

binding of Cra to the promoter region of the fru operon of Salmonella typhimurium

(fruB(MH)KA) was examined, revealing two distinct operator sites between the

putative –10 region of the promoter and the fruB(MH) translational start site both

representing a 12 bp palindromic sequence (RAMSEIER et al. 1993).

If the Cra binding site precedes the RNA polymerase binding site, it activates

transcription of the downstream genes, but if it follows or overlaps the RNA

polymerase binding site, transcription is repressed. The effect of Cra on transcription

is reversed by micromolar concentrations of fructose-1-phosphate, and millimolar

fructose-1,6-bisphosphate concentrations result in catabolite repression of Cra-

activated operons and catabolite activation of Cra-repressed operons (SAIER and

RAMSEIER 1996).

Cra is involved in virulence in Salmonella typhimurium. A cra mutant of Salmonella

typhimurium was totally avirulent but still immunogenic in mice (UTLEY et al. 1998),

and ALLEN et al. (2000) suggested that the reduced expression of gluconeogenic

enzymes in this cra mutant is responsible for the avirulence.

B.2.6. PTS and chemotaxis

Many bacteria are able to respond to changes in their enviroment by swimming

towards attractant molecules (positive chemotaxis) or away from repellents (negative

chemotaxis). One group of proteins involved in the sensing of changes in the

enviroment are the membrane-bound MCPs (methyl-accepting chemotaxis proteins).

MCPs bind attractants and repellents at a periplasmic receptor domain, but do not

transport them. Six general cytoplasmic chemotaxis proteins are involved in the

signal transduction to the flagellar motor; i) CheA, a ATP-dependent sensor protein

kinase, ii) CheW which forms a complex with CheA and MCP, iii) CheY, the response

regulator which is phosphorylated by CheA and interacts with the flagellar motor

resulting in clockwise flagellar rotation and tumbling of the bacteria, iv) CheZ which

dephosphorylates CheY resulting in smooth swimming of the bacteria, v) CheB, a
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reponse regulator phosphorylated by CheA, and vi) CheR which is involved in the

adaptation to the sensory signal by methylation of MCP (STOCK and SURETTE

1996)

PTS is another signal transduction system resulting in positive chemotaxis in the

presence of PTS-carbohydrates. A considerable amount of research was done to

reveal the PTS-mediated chemotaxis. It was found that no MCP is involved in the

signal transduction, since MCP mutants showed unchanged PTS-dependent

chemotaxis (NIWANO and TAYLOR 1982). Each component of the PTS has been

studied with regard of its function in chemotaxis. It was concluded that transport and

chemotactic function of EIIs are inextricably linked, since no mutation in EIIs was

found which eliminated chemotaxis but still allowed normal transport/phosphorylation

function (LENGELER 1975; LENGELER et al. 1981; LEONARD and SAIER 1981).

IIBC proteins are the receptors for PTS stimuli and the general PTS proteins EI and

HPr are suggested to alter the phosphorylation level of CheA or CheY (POSTMA et

al. 1993). PTS chemotaxis requires CheA, CheY and CheW (LUX et al. 1999;

ROWSELL et al. 1995).

LUX et al. (1995) suggested the following model for signal transduction in PTS-

dependent chemotaxis; the transport of a PTS carbohydrate results in the

dephosphorylation and increasing concentration of unphosphorylated EI which

inhibits CheA autophosphorylation and subsequently the phosphorylation of CheY.

B.2.7. PTS-mediated regulation of other metabolic pathways

PTSs have been shown to be essential regulatory systems of various metabolic

pathways, and an interaction between carbon and nitrogen metabolism by PTSs was

suggested by POSTMA et al. (1993). In addition to the Cra (FruR) protein, other

components of the PTSs also mediate regulation of metabolic pathways by inducer

exclusion and catabolite repression.

Transport and metabolism of some non-PTS carbohydrates, for instance lactose,

melbiose, maltose and glycerol, are inhibited by PTS carbohydrates. The

unphosphorylated enzyme IIAGlc is involved in inducer exclusion by binding to various

target proteins such as the lactose permease, the glycerol kinase and the maltose
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transport system thereby inhibiting the transport and subsequent metabolism of non-

PTS carbohydrates (DE BOER et al. 1986; NOVOTNY et al. 1985; OSUMI and

SAIER 1982; POSTMA et al. 1984; SAIER et al. 1978). Thus any PTS carbohydrate

is capable of causing inhibition of the transport of non-PTS carbohydrate directly via

EIICBGlc for glucose or indirectly via dephosphorylation of P-HPr by their respective

EII complex (POSTMA et al. 1993).

Catabolite repression is mediated by the cAMP-receptor protein (CRP) which,

complexed with cAMP, is binding to specific sites upstream of promoters, thereby

causing transcriptional activation or repression (KOLB et al. 1993). The level of

cAMP together with CRP mediates the positive regulation of various catabolic genes

in enteric bacteria. EIIAGlc is involved in the regulation of adenylate cyclase,

synthesizing cAMP from ATP. Nonphosphorylated EIIAGlc is supposed to be an

inhibitor of the adenylate cyclase, whereas P-EIIAGlc has been suggested to activate

adenylate cyclase activity (CRASNIER-MEDNANSKY et al. 1997; SAIER 1989).
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C. Materials and methods

C.1. Chemicals, reagents and equipment

Chemicals and reagents used in this study are summarized in the appendix (I.1),

equipment and specific biologicals are indicated in footnotes.

C.2. Buffers and solutions

Buffers and solutions used in this study are summarized in the appendix (I.2) or

noted in the text where appropriate.

C.3. Bacterial cultures

A.1.1. Bacterial strains

Bacterial strains used in this study are listed in Table 1.
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Table 1: Bacterial strains used in this work

Strain Characteristics Reference or source

E. coli DH5αF'
F´/endA1 hsdR17 (rK

- mK
+) supE44 thi-1

recA1 gyrA (NalR) relA1 ∆(lacZYA-argF)
U169 deoR [φ80dlac∆(lacZ)M15],

RALEIGH et al. (1989)

E. coli HB101 supE44 hsdS20(rB
-mB

-) recA13 ara-14
proA2 lacY1 galK2 rpsL20 xyl-5 mtl-1 SAMBROOK et al. (1989)

E. coli TOP10

F- mcrA ∆(mrr-hsdRMS-mcrBC)
Φ80lacZ∆M15 ∆lacX74 rec A1 deoR
araD139 ∆(ara leu)7697 galU galK rpsL
(StrR) endA1 nupG

TOPO TA Cloning® Invitrogen,
Groningen, NL

E. coli TOP10F'

F´{lacIq Tn10 (TetR)} mcrA ∆(mrr-
hsdRMS-mcrBC) Φ80lacZ∆M15 ∆lacX74
rec A1 deoR araD139 ∆(ara leu)7697
galU galK rpsL (StrR) endA1 nupG

TOPO TA Cloning® Invitrogen,
Groningen, NL

E. coli Rosetta® F- ompT hsdSB (rB
-mB

-) gal dcm pRARE
(argU, argW, ileX, glyT, leuW, proL) Novagen, Madison, USA

B. hyodysenteriae B204
B. hyodysenteriae B78T

B. hyodysenteriae A1

reference strain
type strain
reference strain

D.L. HARRIS and S.C. WHIPP,
Department of Veterinary
Microbiology and Preventive
Medicine, Iowa State University,
Ames, USA

B. innocens C336
B. intermedia AN26:93
B. murdochii C301
B. pilosicoli P43/6/78T

reference strain

type strain

C. FELLSTRÖM, Department of
Medicine and Surgery, Faculty
of Veterinary Medicine, Swedish
Universtity of Agricultural
Science, Uppsala, Sweden

74 B. hyodysenteriae
5 B. innocens
6 B. intermedia
5 B. murdochii
12 B. pilosicoli

field isolates
Strain collection, Institute for
Microbiology, School of
Veterinary Medicine Hannover

C.3.2. Media and growth conditions

Escherichia (E.) coli strains were cultured in Luria-Bertani (LB) medium supple-

mented with the appropriate antibiotics (100 µg/ml ampicillin, 50 µg/ml kanamycin, 10

or 35 µg/ml [E. coli Rosetta®] chloramphenicol). Bacteria were incubated at 37°C in

an incubator1 or in a shaking incubator2.

                                           
1 Memmert GmbH & Co. KG, Schwalbach
2 Incubator shaker Series 25, New Brunswick Scientific Co., Inc., Edison, NJ, U.S.A.
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Brachyspira (B.) strains were cultured on Columbia agar in anaerobic jars using

AnaeroGen sachets® at 42°C in an incubator1 unless stated otherwise, or in 7 ml

BHIS (brain heart infusion plus serum) media in sealed culture tubes or in 250 ml

BHIS in 1000 ml Erlenmeyer flasks under an anaerobic atmosphere with constant

stirring at 37°C in an incubator2. For preparing anaerobic media the BHIS medium

was incubated for a few hours in an anaerobic chamber3 until the resazurine indicator

turned colorless before (culture tubes) or following (flasks) the autoclaving.

Brachyspira species grown on Columbia agar plates for 3-6 days were removed with

cotton swabs and resuspended in 500 µl 0.9% sodium chloride (per agar plate), and

100-200 µl were inoculated in culture tubes. The addition of calf serum and the

inoculation were done under a constant flow of oxygen-free nitrogen4.

For the selection of B. hyodysenteriae transformants TSB agar supplemented with

10 % bovine serum and 200 µg/ml kanamycin or 10 µg/ml chloramphenicol

(depending on the transformation vector) were used and incubated in anaerobic jars

at 39°C in an incubator5.

Media
LB broth: 10 g Bacto® tryptone, 5 g yeast extract, 5 g NaCl, add

distilled water to 1 liter, autoclave

LB agar: LB broth with 1.5% agar (w/v), autoclave

BHI broth: 37 g/l BHI

BHIS broth: for 100 ml: 90 ml BHI broth, 0.1 % (w/v) L-cysteine,

0,0001% (w/v) resazurine, add 10 ml (10 % v/v) heat-

treated calf serum before usage

BHIS agar: 52 g/l BHI agar, add distilled water to 900 ml, autoclave,

cool to 55°C, add 100 ml (10 % v/v) bovine serum

                                           
1 Herareus Typ B5042, Hanau, Germany
2 Memmert GmbH & Co. KG, Schwalbach
3 Forma Scientific Anaerobic system model 1024, Forma Scientific, Inc., Marietta, U.S.A.
4 Linde, Höllriegelskreuth, Germany
5 Herareus Typ T6420, Hanau, Germany
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TSB agar: 30 g Trypticase soy broth, 1.5% agar (w/v), add destilled

water to 950 ml, autoclave, cool to 55°C, add 50 ml bovine

defibrinated blood

C.3.3. Antibiotic solutions

Ampicillin: stock solution 100 mg/ml in 70% ethanol, with addition of

concentrated HCl until all substance is completely

dissolved.

Chloramphenicol: stock solution 25 mg/ml in 70% ethanol

Kanamycin: stock solution 50 mg/ml in A. bidest.

Antibiotic stock solutions were sterilized by filtration1 and stored at –20°C.

C.4. Bacteriological methods

C.4.1. Chemotaxis assay

All steps were carried out in an anaerobic chamber2 using anaerobic solutions.

B. hyodysenteriae B204 and B. pilosicoli P43/6/78T grown on Columbia agar plates

for 3-5 days were removed with cotton swabs and resuspended in 0.9% sodium

chloride. The bacterial suspensions were adjusted to OD660 = 0.5-0.7. A 1 ml syringe

containing 200 µl of 0.1 M D-fructose, 0.1 M L-serine (both suspended in 0.9%

sodium chloride) or 0.9% sodium chloride was lowered into 5 ml of bacterial

suspension in a test tube until the tip of the syringe was in contact with the bacterial

suspension and incubated at 37°C for one hour. The solution in the syringes was

removed, diluted, and 25 µl of each step of the dilution series were dropped onto

BHIS agar plates. Colony forming units were counted after an incubation period of

three (B. pilosicoli) or five to seven days (B. hyodysenteriae). Then the chemotactic

                                           
1 Millex-GV, pore size 0.2 µM, Millipore, Eschborn, Germany
2 Forma Scientific Anaerobic system model 1024, Forma Scientific, Inc., Marietta, U.S.A.
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ratio (Rche) which is the number of CFU in attractant solution (0.1 M fructose or L-

serine) / number of CFU in control solution (0.9 % NaCl) was calculated.

C.5. Manipulation of nucleic acids

C.5.1. Plasmids

The plasmids used in this study are summarized in Table 2. Restriction endo-

nuclease digests, ligations, generation of blunt ends via Klenow fragment or T4 DNA

polymerase, alkaline phosphatase treatments and agarose gel electrophoresis were

done according to standard protocols and the respective manufacturers' instructions.

Restriction endonucleases, other enzymes, DNA size standards and buffers were

purchased from New England Biolabs, Frankfurt, Germany, unless stated otherwise.

Table 2: Plasmids used in this study

Plasmid Characteristics Reference or
source

pBluescript SK E. coli cloning vector containing an ampicillin resistance
determinant

Stratagene,
Amsterdam, NL

pCRII-TOPO

pCR2.1-TOPO

Topoisomerase I-"enchanced" E. coli cloning vector
carrying an ampicillin and kanamycin resistance
determinant as well as lacZ gene for blue-white
selection

Invitrogen,
Groningen, NL

pCR-XL-TOPO

Topoisomerase I-"enchanced" E. coli cloning vector
carrying an zeocin and kanamycin resistance
determinant as well as a lacZ-ccdB gene fusion for
selection of positive recombinants

Invitrogen,
Groningen, NL

pIC20H E. coli cloning vector containing an ampicillin resistance
determinant (MARSH et al. 1984)

pGH432/433 lacI E. coli cloning vector containing an ampicillin resistance
determinant, the lacI gene and a tac promoter

GERLACH et al.
(1992)

pC194

Plasmid of originally isolated from Staphylococcus
aureus carrying a chlorampenicol resistance
determinant

DSMZ,
Braunschweig

HORINOUCHI and
WEISBLUM (1982)

pTZ18/19

E. coli cloning vector carrying an ampicillin resistance
determinant, a lacZ gene and a multiple cloning site
(MCS) with opposite orientations in both vectors. Next
to the MCS a T7 promoter is located.

PL Pharmacia,
Milwaukee, USA
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Plasmid Characteristics Reference or
source

pGEX-5x-3
E. coli cloning vector containing an ampicillin resistance
determinant and devised to construct GST-fusion
proteins

Pharmacia Biotech,
Freiburg

pUC4K E. coli cloning vector containing a kanamycin resistance
determinant from Tn903

Pharmacia Biotech,
Freiburg

M13mp18
E. coli cloning vector carrying the lacZ gene for blue-
white selection and a single-stranded phage replication
origin

NEW ENGLAND
BIOLABS,

Schwalbach

pCM200

Ligation of a SspI –DpnII-restricted PCR product,
generating using primers oCM1 and oCM2 and
containing chloramphenicol resistance determinant of
pC194, into BamHI- and EcoRV-cut pIC20H

this work

pCR2.1nox::Cm
PCR2.1 vector containing parts of the nox gene of
B. hyodysenteriae with the insertion of a chlorampenicol
resistance determinant

STANTON and
HUMPHREY,
unpublished

pBH100 pCRII-TOPO plasmid containing a 487 bp fragment
from RDA this work

pBH400 pCRII-TOPO plasmid containing a 179 bp fragment
from RDA this work

pBH104 Ligation of a 1.7 kb HindIII-PstI fragment containing
parts of the bhoA gene into pBluescript this work

pBH106
pBluescript carrying a 4.9 kb EcoRV fragment of
B. hyodysenteriae chromosomal DNA encompassing
the RDA fragment pBH100

this work

pBH402
pBluescript carrying a 2.5kb HindIII-fragment of
B. hyodysenteriae chromosomal DNA encompassing
the RDA fragment pBH400

this work

pBH405 pBH402 with a SalI-BsrGI deletion abolishing the fruBC
gene this work

pBH408 pBH402 with a BsrGI-XbaI deletion abolishing the fbaA
gene this work

pBH405∆fba pBH405 with deletion of a 173 bp NsiI-fragment in the
fbaA gene this work

pBH408∆fru pBH408 with deletion of a 190 bp NsiI-fragment in the
fruBC gene this work

pBH411Km

pBH408∆fru with insertion of a PstI-fragment of pUC4K
containing the kanamycin resistance determinant into
the NsiI restriction site, the ORF of the kanamycin
resistance determinant orientated in the same direction
as the fruBC gene

this work

pBH412Km
same as pBH411Km, the ORF of the kanamycin
resistance determinant orientated in the opposite
direction then the fruBC gene

this work
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Plasmid Characteristics Reference or
source

pPC111

pBH408∆fru with insertion of a PstI-XhoI-fragment of
pCM200 containing the chlorampenicol resistance
determinant into the NsiI restriction site, the ORF of the
chlorampenicol resistance determinant orientated in the
same direction as the fruBC gene

this work

pPC112
same as pPC111, the ORF of the chlorampenicol
resistance determinant orientated in the opposite
direction then the fruBC gene

this work

pPC113
Ligation of a SspI-HindIII-restricted PCR product of
pPT800, generated using primers oPT8 and oPT19,
into HindIII-XhoI cut pPC111

this work

pPC114
Ligation of a SspI-HindIII-restricted PCR product of
pPT800, generated using primers oPT8 and oPT19,
into HindIII-XhoI cut pPC112

this work

pBH104∆bho pBH104 with deletion of a NsiI-fragment in the bhoA
gene this work

pPT500
Ligation of an EcoRI-XhoI-restricted PCR product,
generated using primers oPT31 and oPT20 (fruR), into
pGEX-5x-3

this work

pPT501
Ligation of an EcoRI-XhoI-restricted PCR product,
generated using primers oPT25 and oPT16 (fruA), into
pGEX-5x-3

this work

pPT503
Ligation of an EcoRI-XhoI-restricted PCR product,
generated using primers oPT11 and oPT10 (fruBC),
into pGEX-5x-3

this work

pPT800

Ligation of a 1.8 kb PCR product, generated using
primers oGH2 and oPT8 and a plasmid pool derived
from the B. hyodysenteriae gene bank, into pCR®2.1-
TOPO

this work

pPT801

Ligation of a 1.8 kb PCR product, generated using
primers M13for and oPT1 and a ligation mix of HinfI-
digested B. hyodysenteriae DNA fragments into
pBluescript, into pCR®II-TOPO

this work

pPT900
Ligation of a BamHI-EcoRI-digested PCR product,
generated using primers oPT22 and oPT31 (fruR), into
pTZ18

this work

pPT901
Ligation of a BamHI-EcoRI-digested PCR product,
generated using primers oPT22 and oPT31 (fruR), into
pTZ19

this work

pPT902
Ligation of a BamHI-EcoRI-digested PCR product,
generated using primers oPT29 and oPT42 (fruBC),
into pTZ18

this work

pPT903
Ligation of a BamHI-EcoRI-digested PCR product,
generated using primers oPT29 and oPT42 (fruBC),
into pTZ19

this work



                                                                Materials and methods                                                                

43

C.5.2. Primers

The primers used in this study are summarized in Table 3. Primers were synthesized

by MWG, Ebersbach, Germany, or Invitrogen, Karlsruhe, Germany.

Table 3: Primer used in this work

Primer Characteristics Reference
or source

M13 forward 5'-GTA AAA CGA CGG CCA G-3' Amersham
Bioscience

M13 reverse 5'-CAG GAA ACA GCT ATG AC-3' Amersham
Bioscience

RBam12 5'-GAT CCT CGG TGA-3' LISITSYN
(1993)

RBam24 5'-AGC ACT CTC CAG CCT CTC ACC GAG-3' LISITSYN
(1993)

oGH1 5' TGT GTG GAA TTG TGA GCG 3'
downstream primer for the multiple cloning site of pGH plasmids

GERLACH et
al. (1992)

oGH2 5' GTC CCA CTC CCT GCC TCT 3'
upstream primer for the multiple cloning site of pGH plasmids

GERLACH et
al. (1992)

Bnoxf
Bnoxr

5'-TAG C(CT)T GCG GTA T(CT)G C(AT)C TTT GG-3'
5'-CTT CAG ACC A(CT)C CAG TAG AAG CC-3'
primer pair encompassing position 345-1283 of the nox gene of
B. hyodysenteriae B204

ROHDE et al.
(2002)

oCM1
5'-TCG CTA CGC TCA AAT CCT TT-3'
downstream primer comprising position 1020-1039 of pC194 and
encompassing the chlorampenicol resistance determinant

this work

oCM2
5'-GGA GTG GTT TTA TGA CTG TTA TGT G-3'
upstream primer encompassing position 2291-2315 of pC194 and
encompassing the chlorampenicol resistance determinant

this work

oCM3
oCM4

5'-CCG AAA CAT AAA ACA AGA AGG A-3'
5'-TCC TGC ATG ATA ACC ATC ACA-3'
primer pair encompassing 457 bp of the chlorampenicol resistance
determinant

this work

kan1 5'-CCC GTT GAA TAT GGC TCA T-3'
primer on 5‘end of the kanamycin resistance determinant

TONPITAK
unpublished

kan2 5'-TGC TCG ATG AGT TTT TCT AA-3'
primer on 3‘end of the kanamycin resistance determinant

OSWALD et al.
(1999)

kan5
kan6

5'-GAA GGA GAA AAC TCA CCG AGG-3'
5'-ATGCCTCTTCCGACCATCAAG-3'
primer pair encompassing 500 bp of the kanamycin resistance
determinant

GERLACH
unpublished
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Primer Characteristics Reference
or source

BH100for
Bh100rev

5'-TGT CAG GTG CAA GCG AAG-3'
5'-GTA CTT CCT CCC CAT CAA-3'
internal primer pair for RDA fragment BH100

this work

BH106-1 5'-CAT TTC CAT CGC CTA TTT CT-3'
downstream sequencing primer of fragment BH106 this work

BH106-2
5'-TTT ACT TCT ACC CTT TCT CC-3'
upstream sequencing primer in the bhoA ORF comprising position
4179-4198 *

this work

BH106-3 5'-CCT GTA AAC TGA GGT TCA TT-3'
downstream sequencing primer of fragment BH106 this work

BH106-4 5'-AGA AGT TTG AGC CAA TGC TT-3'
downstream sequencing primer of fragment BH106 this work

BH106-5
5'-TTC CTA AGC CAA TGG AAT CA-3'
upstream sequencing primer at 5‘end of the bhoA ORF comprising
position 3620-3639 *

this work

BH106-6 5'-CTA AAC TTT AAG GAG GCT AAG-3'
downstream sequencing primer of fragment BH106 this work

BH106-7 5'-TTT TGG TTG ATT CCG ATC TTG-3'
upstream sequencing primer of fragment BH106 this work

BH106-8 5'-AGA AAT AGG CGA TGG AAA TG-3‘
upstream sequencing primer of fragment BH106 this work

BH106-9 5'-AAT GAA CCT CAG TTT ACA GG-3'
upstream sequencing primer of fragment BH106 this work

BH106-10 5'-CTT AGC CTC CTT AAA GTT TAG-3'
upstream sequencing primer of fragment BH106 this work

BH106-11 5'-CAA GAT CGG AAT CAA CCA AAA-3'
downstream sequencing primer of fragment BH106 this work

BH106-12
5'-TGA TTC CAT TGG CTT AGG AA-3'
downstream primer at the 5‘end of the bhoA ORF comprising position
3620-3639 *

this work

BH106-13 5'-GGA GAA AGG GTA GAA GTA AA-3'
downstream primer in the bhoA ORF comprising position 4179-4198 * this work

BH106-14 5'-ATG TAA AAA TAG GAG GGT GCT-3'
downstream sequencing primer of fragment BH106 this work

BH106-15 5'-TGA TGG TAA CCT CCT AAC ATT-3'
upstream sequencing primer of fragment BH106 this work

BH106-16 5'-TAT TCT TAA AAA CTT TAG CAA CAG C-3'
upstream sequencing primer of fragment BH106 this work

BH104-1
5'-AGT ATC TGA TGA GTG GCT TA-3'
downstream sequencing primer in the bhoA ORF comprising position
5345-5364 *

this work

BH104-2 5'-TCA GAT CCT CAT GGA ATT CA-3'
upstream sequencing primer of fragment BH104 this work
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Primer Characteristics Reference
or source

oBO19
5'-AAT GGA TCC CTG ATT CCA TTG GCT TAG GAA-3'
primer (internal BamHI site) at 5‘end of the bhoA ORF (comprising
position 3611-3639*)

this work

oBO20
5'-ATG AAT TCG CTT GCA CCT GAC AAT AAT CCT C-3'
primer (internal EcoRI site) in the bhoA ORF (comprising position 4261-
4291*)

this work

oBO21
5'-ATG GAT CCC TGT TTT AGG AGG ATT AGC C-3'
primer (internal BamHI site) in the bhoA ORF (comprising position
4697-4727*)

this work

oBO22
5'-ATG AAT TCA ATC CGG TAT TCC ATC AAT A-3'
primer (internal EcoRI site) at the 3‘-end of the bhoA ORF (comprising
position 5401-5421*)

this work

oPT1 5'-GAT GCT TCT GCT TAT CCT TA-3'
downstream primer in the fbaA ORF comprising position 3721-3740 # this work

oPT2 5'-GCA TAT CAA CTA CAT GTC CT-3'
upstream primer in the fbaA ORF comprising position 3561-3580 # this work

oPT3 5'-ACT GCT TCA AAT CCT GAA TC-3'
downstream primer comprising position 2456-2475 #   this work

oPT4
5'-GAA CTT CCA AAC ACA TCC AT-3'
upstream primer at the 3'end of the fbaA ORF comprising position
4234-4253 #

this work

oPT5 5'-TTC CTT TTG CTG TAT CAG AC-3'
downstream primer comprising position 3141-3160 # this work

oPT6 5'-TTT GTG AGA AGC ACC TAT TC-3'
upstream primer comprising position 2859-2878 # this work

oPT7 5'-GCA TAT TCT ATA CTA GCT CC-3'
downstream primer comprising position 1765-1784 # this work

oPT8 5'-GGA GCT AGT ATA GAA TAT GC-3'
upstream primer comprising position 1765-1784 # this work

oPT9
5'-GCA GCA TCA AAC AAT GTT GA-3'
downstream primer at the 5'end of the fruBC ORF (comprising position
2063-2082 #)

this work

oPT10
5'-TAT TCC TCC GAT CTC GAG TAA TTT ATA TTA-3'
upstream primer (internal XhoI site) at the 3'end of the fruBC ORF
(comprising position 3374-3403 # )

this work

oPT11
5'-CAA GGA GGA ATT CTA TTA TGA AAA TCG TAG-3'
upstream primer (internal EcoRI site) at the 5'end of the fruBC ORF
(comprising position 1968-1997 #)

this work

oPT13 5'- CGT CAT TTC TTT ATC AGG AG-3'
downstream primer in the fruR ORF (comprising position 970-989 #) this work

oPT14 5'- CTC CTG ATA AAG AAA TGA CG -3'
upstream primer in the fruR ORF (comprising position 970-989 #) this work
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Primer Characteristics Reference
or source

oPT16
5'-AAT CCT CGA GTC ATC CCC ACT CTT T -3'
upstream primer (internal XhoI site) at the 3'end of the fruA ORF
(comprising position 1875-1899 #)

this work

oPT18
5'-AAT GGA TCC TTA TTT GAG CAA GAC TTA CTC-3'
upstream primer (internal BamHI site) at the 5'end of the fruA ORF
(comprising position 1515-1544 #)

this work

oPT19 5- CGG TAT TTA ATA TAT AAA CCT TGG G-3'
downstream primer comprising position 1345-1396 # this work

oPT20
5'-CAT CTC GAG AAG TTC ATC TGT TAT TAG TTT AT-3'
upstream primer (internal XhoI site) at the 3'end of the fruR ORF
(comprising position 1241-1271 #)

this work

oPT22
5'-AAG GGA TCC TGA TAA AGA AAT GAC G-3'
upstream primer (internal BamHI site) in the fruR ORF (comprising
position 970-994 #)

this work

oPT23 5'-CAT ATA CCT CCG GCA ATA AT-3'
upstream primer in the fruBC ORF (comprising position 2408-2427 #) this work

oPT25
5'-TTC GAA TTC TAC TAT ATT TTT GAG TAA GTC TTG CTC-3'
downstream primer (internal EcoRI site) at the 5'end of the fruA ORF
(comprising position 1494-1529 #)

this work

oPT26
5'-CDG CAA ADG GRA TNR CDC CYT C-3'
degenerated upstream primer in the fruBC ORF (comprising position
3131-3152 #)

this work

oPT27
5'-ACG AAT TCC AGA TGA ACT TCT CCA GA-3'
downstream primer (internal EcoRI site) at the 3'end of the fruR ORF
(comprising position 1243-1269 #)

this work

oPT28
5'-AWK RBH CCK CCR TGH GRH GC-3'
degenerated upstream primer in the fruBC ORF (comprising position
3242-3262 #)

this work

oPT29
5'-ATT AGA AGG ATC CGG AGA CGA GGA TTT AG-3'
downstream primer (internal BamHI site) at the 5'end of the fruBC ORF
(comprising position 2302-2330 #)

this work

oPT30
5'-CAA AAA TAT AGT AGA TTC AGA AAT AAA ATC C-3'
upstream primer at the 5'end of the fruA ORF comprising position 1485-
1515 #)

this work

oPT31
5'-CTT TGG ATC A GA ATT CTG ATG AAT TTG AAA TTT C-3'
downstream primer (internal EcoRI site) at the 5' end of the fruR ORF
(comprising position 621-654 #)

this work

oPT33
5'-CTA TAA GAA GAG ATA TAC AGG AC-3'
downstream primer at the 5' end of the fruR ORF (comprising position
663-685 #)

this work

oPT35 5-TAG TTT TAC ATG GCG GAT CT-3'
downstream primer in the fbaA ORF comprising position 4019-4038 #) this work

oPT36 5'-CCC AAG GTT TAT ATA TTA AAT ACC G-3'
upstream primer comprising position 1345-1396 # this work
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or source

oPT37 5'-GCA GCA GAA TTA GTT GAA GA-3'
downstream primer in the fruR ORF (comprising position 815-834 #) this work

oPT39
5'-WGC YCA YAC VTW YAT GGC DGC-3'
degenerated downstream primer at the 5' end of the fruBC (comprising
position 2023-2043#)

this work

oPT40
5'-CAG ATT CAA ATT TTA TAC CTC CG-3'
upstream primer at the 5' end of the fruR ORF (comprising position 743-
721 #)

this work

oPT41
5'-GGD TTY YTR GGM GGH WTM DT-3'
degenerated downstream primer in the fruBC (comprising position
2648-2667 #)

this work

oPT42
5'-TTG AAT TCA GCA ACC ATA CCA GGC ATG AAT-3'
upstream primer (internal EcoRI site) in the fruBC ORF (comprising
position 2599-2628 #)

this work

oPT43
5'-GAY ATG GGV GGD CCK NTH AAY AAR-3'
degenerated downstream primer in the fruBC (comprising position
2918-2941 #)

this work

* Position numbers refer to the continous DNA sequence derived from the

overlapping nucleotide sequences of the fragments BH106 and BH104
# Position numbers refer to the continous DNA sequence derived from the

overlapping nucleotide sequences of the fragments PT800, BH402 and PT801

C.5.3. Isolation of DNA

C.5.3.1. Plasmid DNA

Plasmid DNA was either prepared by alkaline lysis (BIRNBOIM and DOLY 1979)

following standard procedures (SAMBROOK et al. 1989) or by using the JETSTAR®

Midi Plasmid Preparation kit1 according to the manufacturer's instructions.

DNA cleanup following alkaline lysis was performed by phenol-chloroform extraction

according to standard procedures (SAMBROOK et al. 1989) or by using the Gene

                                           
1 Genomed, Bad Oeynhausen, Germany
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Clean® kit1 according to the manufacturer's instructions. Centrifugation steps were

carried out in a microcentrifuge2.

C.5.3.2. Total chromosomal DNA of Brachyspira species

Brachyspira were washed off the five to six plates with TE-buffer (10 mM Tris [pH

8.0], 1 mM EDTA), and transferred to a 10 ml polypropylene tube; bacterial cells

were recovered by centrifugation3 at 5000 rpm (SA600 Rotor), 4°C for 10 min, the

supernatant was discarded. Bacterial cells were lysed by the addition of 5 ml lysis

buffer with proteinase K (10 mM EDTA [pH 8.0], 1% SDS, 0.5 mg/ml proteinase K)

and gentle inversion of the tube. The mixture was incubated at 55°C for 1 h. RNA

contamination was removed by the addition of RNase to a final concentration 150

µg/ml and further incubation at 37°C for 15 min. DNA was purified by adding 1/5

volume of phenol equilibrated in TE (pH 7.8) to the solution, mixing by careful

shaking and freezing at –70°C for 1 hour. Then 1/5 volume of chloroform:isoamyl

alcohol (24:1) was added, mixed and centrifuged at 10,000 rpm for 10 min. The top

(aqueous) phase containing DNA was removed carefully using a plastic pasteur

pipette and transferred to a new tube. Chloroform-isoamyl extraction was repeated

until no interphase was visible. The upper phase was transferred into a new tube,

and DNA was precipitated by adding 0.1 volume of 3 M Na-acetate [pH 5.2] and

1 volume of isopropanol. The DNA thread generated by careful inversion of the tube

was collected with a small pipette tip, washed with 70% ethanol for 5 min and dried.

DNA was dissolved in 200 µl A. bidest. overnight at 4°C. 1-2 µl of DNA were

analysed by gel electrophoresis.

C.5.4. Isolation of RNA

B. hyodysenteriae B204 was grown in 7 ml BHIS medium with or without

supplementation of 10 mM fructose. Centrifuge tubes were half filled with crushed ice

and placed on ice until needed. Bacterial cultures were poured onto the ice and

                                           
1 Qbiogene, Heidelberg, Germany
2 MC-13 Amicon, Heraeus Instruments, Osterode, Germany
3 Sorvall RC-5B Refrigerated Superspeed Centrifuge, Du Pont Inst., Bad Homburg, Germany
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centrifuged at 7000 rpm (SA 600 rotor) for 5 minutes. RNA was extracted using the

Nucleospin RNAII kit1 according to the manufacturer's instructions. DNA was

removed by incubation with 5 µl RNase-free DNase2 (1 U/µl) and 1 µl RNase inhibitor

(RNase out3, 40 U/µl) in a total volume of 50 µl at 37°C for 30 min, followed by

purification of the RNA using the Nucleospin RNAII kit4 according to the

manufacturer's instructions. RNA was visualized on a 1% formaldehyde gel following

standard procedures (SAMBROOK et al. 1989), and absence of genomic DNA was

confirmed by PCR on 2.5 µl of RNA to which 0.5 µl of DNase free RNase5 (10 U/µl)

had been added.

C.5.5. Polymerase chain reaction

(MULLIS et al. 1986)

PCR was performed in a thermal cycler6 in a 25 or 50 µl total reaction volume using

Taq DNA polymerase3. The mixtures were prepared on ice by addition of the

reagents in the order described in Table 4. In the case of transformants, the DNA

template was prepared by boiling a single colony. Amplification conditions are listed

in Table 5, the time of primer extension was calculated (1 min for every 1 kb). PCR

products were analyzed by gel electrophoresis on a 1.5% agarose gel.

                                           
1 Macherey-Nagel, Düren, Germany
2 Promega, Madison, U.S.A.
3 Invitrogen, Eggenstein, Germany
4 Macherey-Nagel, Düren, Germany
5 Boehringer Mannheim, Germany
6 Cyclone Thermocycler, Integra Biosciences, MA, U.S.A. or Crocodile III, Appligene, Illkirch, France
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Table 4: Components in PCR reaction

reaction
components

stock
solution

final
concentration

volume per
reaction (µl)

volume per
reaction (µl)

A. bidest. - - 11.15 22.3

MgCl2 50 mM 1.5 mM 0.75 1.5

PCR-buffer 10 x 1 x 2.5 5

dNTPs 10 mM 0.2 mM 0.5 1

forward primer 5 pmol/µl 0.5 pmol/µl 2.5 5

reverse primer 5 pmol/µl 0.5 pmol/µl 2.5 5

Taq DNA
polymerase 5 U/µl 0.5 U/µl 0.1 0.2

template - - 5 10

final volume 25 50

mineral oil overlay - - 30 40

Table 5: PCR conditions used in this work

primers PCR protocol
RBam24 3' 94°C, (1' 94°C, 1' 58°C, 3' 72°C) x 35, 10' 72°C

Bnoxf, Bnoxr 3' 94°C, (1' 94°C, 40'' 59°C, 54'' 72°C) x 30, 10' 72°C

oCM1, oCM2 3' 94°C, (30'' 94°C, 30'' 53°C, 1'20'' 72°C) x 30, 10' 72°C

oCM3, oCM4 3' 94°C, (30'' 94°C, 40'' 52°C, 30'' 72°C) x 30, 10' 72°C

M13rev, BH100for 3' 94°C, (30'' 94°C, 40'' 55°C, 3' 72°C) x 30, 10' 72°C

oPT16, oPT18, oPT20, oPT22,
oPT25, oPT27, oPT31 3' 94°C, (30'' 94°C, 40'' 55°C, 40'' 72°C) x 50, 10' 72°C

oPT26, oPT28, oPT39, oPT41,
oPT43 3' 94°C, (30'' 94°C, 40'' 52°C, 30'' 72°C) x 50, 10' 72°C

oPT29, oPT42 3' 94°C, (30'' 94°C, 40'' 57°C, 30'' 72°C) x 50, 10' 72°C

oBO19, oBO20 3' 94°C, (30'' 94°C, 40'' 57°C, 45'' 72°C) x 50, 10' 72°C

oBO21, oBO22 3' 94°C, (30'' 94°C, 40'' 53°C, 45'' 72°C) x 50, 10' 72°C

oPT10, oPT11 3' 94°C, (30'' 94°C, 30'' 54°C, 1'30'' 72°C) x 50, 10' 72°C

kan5, kan6 3' 94°C, (30'' 94°C, 40'' 57°C, 45'' 72°C) x 50, 10' 72°C

all other oPT and oBO primer
pairs and primer pair
combination with them

3' 94°C, (30'' 94°C, 40'' 51°C, 30''-2'* 72°C) x 50, 10' 72°C

* Extension time was calculated (1 min for 1 kb) and adjusted in each PCR.
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C.5.5.1. Preparation of DNA template by colony boiling.

A single colony was touched with a small pipette tip to pick up a very small amount of

bacteria. The material was resuspended in 100 µl 1:10 diluted TE buffer in a

microtiter plate or in a 1.5 ml reaction tube and boiled in a microwave oven for 8 min

at 180 W. 5 µl of this mixture served as template in a 25 µl PCR reaction. For the

negative control, 100 µl TE buffer was boiled at the same conditions, and 5 µl were

used in the same volume of premix.

C.5.6. Representational difference analysis (RDA)

(LISITSYN et al. 1993)

In this work B. hyodysenteriae B204 was used as 'tester' and the combined DNA of

B. innocens C336, B. intermedia AN26:93, B. murdochii C301 and B. pilosicoli

P43/6/78T as 'driver'.

C.5.6.1. Preparation of adapter

Adaptors were generated by mixing 15 µl each of primers RBam12 and RBam24

(100 µM each) with 7.5 µl of 10 x ligase buffer and annealed in a thermal cycler using

the following program: 5 minutes 94°C followed by 60°C, 42°C, 37°C, 22°C and 16°C

at 10 min each. Correct annealing was confirmed on an 18% TBE-acrylamide gel.

C.5.6.2. Preparation of tester and driver

5 µg of 'tester' and 10 µg chromosomal DNA of each strain of the 'driver' mix were

digested with DpnII for 2 hours at 37°C. Subsequently, the restricted DNA was

precipitated by adding 0.1 volume of 3 M Na-acetate [pH 5.2] and 2.5 volume of 96%

ethanol overnight at –20°C. The DNA was centrifuged at 13,000 rpm for 20 min,

washed with 70 % ethanol and dried. The DNA pellets were resuspended in 50 µl A.

bidest. resulting in a two-fold higher concentration of the 'driver' than the 'tester' DNA.

The driver mix was prepared by mixing equal amounts of the individually digested

DNA of each driver strain.
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25 µl of the adaptor preparation were then ligated overnight to 25 µl DNA with the

addition of 2 µl 25 mM ATP and 1 µl of ligase and were incubated overnight at 16°C.

C.5.6.3. Hybridization and subsequent PCR

The ligation mix of digested 'tester' DNA and adapter was diluted 10-, 100- and 1000-

fold. Subsequently, 12.5 µl of undiluted and of each dilution of the ligation mix was

mixed 12.5 µl 'driver' mix resulting in a 20-, 200- and 2000-fold excess of 'driver'

DNA. The mixture was subjected to overnight ethanol precipitation, centrifuged at

13,000 rpm for 20 min and resuspended in 4 µl PCR buffer. After overlaying the

reaction with mineral oil, it was heated to 95°C, 1 µl of 5 M NaCl was added and

hybridization was allowed to occur for 20 hours at 67°C in a thermal cycler. The

volume was adjusted to 20 µl with A. bidest. and 5 µl of each reaction was used as

template in the following PCR in a total volume of 25 µl. All PCR components

omitting the primer were mixed and incubated for 15 min at 72°C in a thermal cycler

to fill-in 5' overhangs. Subsequently, the primer RBam24 was added and was

followed by 35 PCR cycles (94°C for 1 min, 58°C for 1 min and 72°C for 3 min). The

resulting PCR products were analyzed in a 1.5% agarose gel.

C.5.6.4. Isolation of RDA fragments

RDA products (2-4 µl of PCR reaction) were cloned into pCRII®-TOPO using the

TOPO cloning kit1 according to the manufacturer's instructions. The resulting mixture

of recombinant plasmids was transformed into E. coli Top 10 and plated on LB agar

supplemented with 100 µg/ml ampicillin. Using a vacuum pump connected to a sterile

1000 µl pipette tip, colonies were sorted into single wells of a microtiter plate by

picking up sterile glass beads (1-2 mm diameter), touching a bacterial colony and

releasing the bead into a well. The cloned RDA fragments could be amplified from

the TOPO 2.1 vector using primer RBam24.

                                           
1 Invitrogen, Eggenstein, Germany
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C.5.7. Pulsed field gel electrophoresis (PFGE)

C.5.7.1. Isolation of agarose-embedded chromosomal B. hyodysenteriae DNA

B. hyodysenteriae were grown on Columbia agar and washed off the plate with 3 ml

of PET IV-buffer. The bacterial suspension was adjusted to OD600 = 0.3 and then

placed on ice. Chromosomal grade agarose1 was dissolved at a concentration of

1.2% in A. bidest. in a microwave oven, and kept at 55°C until use. 5 ml of B.

hyodysenteriae suspension were centrifuged at 5,000 rpm at 4°C for 10 min After

removal of the supernatant, cells were washed once in 5 ml ice-cold PET IV-buffer,

recentrifuged, resuspended in 0.5 ml PET IV-buffer and incubated briefly at 55°C in a

waterbath before 0.5 ml of 55°C 1.2% chromosomal grade agarose were added and

mixed by repeated pipetting. The suspension was poured into 100 µl plug molds

(Sample CHEF Disposable Plug Mold1). Agarose was allowed to solidify at 4°C for

10-15 min The tape from the bottom of the 10-well strip was removed and plugs were

removed from the mold by using the tap at the end of the tape as a tool to push the

plugs out of the mold and into a new polypropylene tube containing 3 ml lysis buffer

for five plugs. The tube was incubated horizontally at 37°C for 2 h after which the

lysis buffer was discarded. 3 ml EPS buffer containing 1% N-laurylsarcosine and

1 mg/ml proteinase K were added and the plugs were incubated at 55°C overnight.

EPS buffer was discarded and the plugs were washed twice with 3 ml A. bidest. for

15 min by tube-rolling at room temperature, A. bidest. was discarded. To inactivate

residual proteinase K, plugs were washed twice with 2 ml TE-PMSF (1.5 mM PMSF)

for 30 min at room temperature, excess liquid was removed. Plugs were then washed

with 3 ml A. bidest. for 15 min, which was again removed before washing the plugs

with 3 ml TE buffer for 30 min and finally storing them in 5 ml TE buffer at 4°C .

C.5.7.2. Restriction endonuclease digestion of DNA embedded in agarose
plugs

One half of a gel plug was used for each reaction. Prior to digestion, plugs were

equilibrated in 250 µl of an appropriate restriction endonuclease buffer supplied by

                                           
1 BioRad Inc., Munich, Germany
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the manufacturer for 1 h at room temperature. 50 µl fresh buffer was added, and

35 U of enzyme were used to cleave the DNA in the plugs overnight at the

temperature appropriate for the respective restriction endonuclease.

C.5.7.3. Pulsed field gel electrophoresis

A 1% agarose gel was prepared using 0.5 x TBE buffer, cooled to 55°C and poured

into a gel casting platform1, the gel was allowed to solidify for 5 minutes before

removal of the comb. The digested gel plug was maneuvered into the slot using a

scalpel and a hook formed from a pasteur pipette by heating in a bunsen burner

flame. Bacteriophage lambda concatemers embedded in agarose gel was used as

standard marker. The slots were sealed by filling them up with agarose gel to prevent

buoyancy of the plugs. The gel was placed into the electrophoresis chamber2 and

carefully immersed in cold 0.5 x TBE buffer. PFGE gels were run at 6 V/cm and 12°C

with linear ramped switch times from 7 to 12 sec for 11 h and from 20 to 65 sec for

13 h. For an improved separation of fragments with sizes between 300 and 1000 kb

ramped switch times from 20 to 80 sec for 24 hours were used. After the run, DNA

was stained with ethidium bromide in A. bidest (0.2 µg/ml) for 20 min and destained

in A. bidest. for 1 h. Gels were documented on a UV transilluminator and

photographed with a polaroid camera or an image documentation system1.

C.5.8. Primer extension approach

C.5.8.1. Primer labeling

(SAMBROOK et al. 1989)

Labeled primer were prepared by mixing 1 µl of primer (10 pmol/µl), 2 µl T4

polynucleotide kinase buffer (10 x), 11 µl A. bidest., 5 µl γ-32P-ATP (370 kBq/µl) and

1 µl T4 polynucleotide kinase (10 U). The reaction was incubated at 37°C for 1 hour.

The kinase was inactivated by heating at 65°C for 20 min. The radiolabeled primer

was purified by adding 40 µl A. bidest., 240 µl ammonium acetate (5 M) and 750 µl

                                           
1 BioRad Inc., Munich, Germany
2 CHEF-DR III pulsed-field electrophoresis system, Bio-Rad, Munich, Germany
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ice-cold 96% ethanol and precipitation overnight at –20°C. The radiolabeled primer

was centrifuged at 12,000 rpm for 20 min, washed with 80% ethanol, recentrifuged

for 10 min and dried.

C.5.8.2. Primer extension reaction

Primer extension was performed using 5 µg RNA of B. hyodysenteriae grown in the

presence of 10 mM fructose. RNA was resuspended in 8 µl of RNase-free water and

2 µl of reverse transcriptase buffer (5 x) followed by the resuspension of the

radiolabeled primer in this mixture. The reaction was heated to 90°C for 2 minutes

and then allowed to cool to 42°C over the course of 10 minutes. 2 µl of reverse

transcriptase buffer (5 x), 1 µl of RNase inhibitor (RNase out1, 40 U/µl), 4 µl of

dNTPs2 (2.5 mM each), 2 µl of RNase-free water and 1 µl of M-MuLV reverse

transcriptase (200 U/µl) were added and incubated at 42°C for 30 minutes. The

mixture was precipitated by adding 80 µl A. bidest., 1/10 volume of sodium acetate

(pH 5.2) and 2 ½ volume of 96% ethanol and storing overnight at –20°C. The DNA

fragments synthesized by the reverse transcriptase were recovered by centrifugation3

at 12,000 rpm for 15 min, washed with 70% ethanol, recentrifugated and dried. For

the electrophoresis on a sequencing gel the DNA fragments were resuspended in

2.5 µl A. bidest. and 2.5 µl of Stop Solution (Sequenase Version 2.0 DNA

Sequencing kit4).

C.5.8.3. Prepartion of sequencing ladder

C.5.8.3.1. Isolation of single stranded phage DNA

A DNA fragment with the nucleotide sequence of interest was cloned into the

M13mp18 cloning vector which was then transformed into E. coli DH5αF'.

Topagarose (0.5 % agarose [w/v] in LB medium) was heated in the microwave and

cooled to 50°C. 50 µl of an overnight culture of E. coli TOP10F' ('plating' bacteria),

                                           
1 Invitrogen, Eggenstein, Germany
2 Roth, Karlsruhe, Germany
3 Sorvall MC-12C, Du Pont Inst., Bad Homburg, Germany
4 USB Corporation, Cleveland, Ohio, USA
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50 µl IPTG (100mM), 12.5 µl X-Gal (25 mg/ml) and 1.5 ml topagarose was added to

the transformation reaction which was then immediately poured onto a LB agar plate

and incubated overnight at 37°C. Single white plaque were touched in the middle

with a sterile toothpick, transfered into 1.5 ml LB medium containing 2.5 µl of plating

bacteria E. coli TOP10F' and incubated at 37°C for 5 to 6 hours. Bacteria were

harvested by centrifugation at 13,000 rpm for 5 min. To the phage containing

supernatant 150 µl of PEG 6000 (20% [w/v] in 2.5 M NaCl) was added, mixed and

stored overnight at 4°C. Following a centrifugation at 13,000 rpm for 5 min, the pellet

was resuspended in 100 µl TE buffer, and the single-stranded phage DNA was

purified by adding 50 µl phenol equilibrated in TE [pH 7.8] to the solution, mixing by

intensive vortexing and freezing at –20°C for 1 hour. After centrifugation the upper

phase was transferred into a new tube and the DNA was precipitated by adding 1/10

volume of 3 M Na-acetat (pH 5.2) and 2 ½ volume of 96 % ethanol and storing

overnight at –20°C. The DNA was pelleted by centrifugation, washed with 70 %

ethanol, recentrifuged, dried, and resuspended in 20 µl A. bidest..

C.5.8.3.2. Sequencing reaction and electrophoresis

The sequencing reaction was performed using 1 µg of single stranded DNA, 1 pmol

of the primer as used for the primer extension reaction, 0.5 µl α32P-ATP (370 kBq/µl),

and the Sequenase Version 2.0 DNA Sequencing kit1 according to the

manufacturer's instructions. 1 µl of the four sequencing reactions and the whole

primer extension reaction were loaded onto a 8% urea-acrylamid-gel (see I.2).The

gel was run at 3000 V for 5 ½ hours after 30 min prerunning in a Macrophor unit2.

Subsequently, the gel was placed in 10 % acetic acid for 15 min, rinsed under

running water for 10 min and dried. The gel was then exposed to an X-ray film3, and

the exposure time was adjusted depending on the signal strength.

                                           
1 USB Corporation, Cleveland, Ohio, USA
2 Pharmacia Biotech Europe, Freiburg, Germany
3 Kodak X-OMAT® AR, SIGMA, Deisenhofen, Germany
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C.5.9. Nucleic acid detection

C.5.9.1. Southern blotting

(SOUTHERN 1975)

DNA was cleaved with the appropriate restriction endonuclease, separated by gel

electrophoresis, and the gel was photographed with a ruler on a UV transilluminator

prior to Southern transfer by capillary blotting onto nylon membrane1 according to

standard procedures (SAMBROOK et al. 1989). DNA crosslinking was achieved by

baking the membrane at 80°C for 120 minutes (in an oven2).

C.5.9.2. Northern blotting

4 µg of RNA were added to 14.4 µl of RNA denaturating mix and incubated at 50°C

for 30 min and placed on ice. 2 µl of RNA loading buffer (10 x) and 1 µl of ethidium

bromid (0.5 mg/ml) was added to the RNA and the samples were separated on a

1.4% agarose gel containing 10 mM Na2HPO4 (pH 6.9) in a electrophoresis

chamber3 with constant pumping4 of the buffer at 60 V for 1 hour and at 75 v for 2 ½

hours. The gel was photographed on a UV transilluminator prior to Northern transfer

by capillary blotting onto nylon membrane according to standard procedures

(SAMBROOK et al. 1989). RNA crosslinking was achieved by baking the membrane

at 80°C for 120 minutes (in an oven2).

C.5.9.3. Labeling of DNA probes with α32P-dCTP

(FEINBERG and VOGELSTEIN 1984)

Probes were generated using either PCR products or purified restriction enzyme

fragments. 20 to 30 ng DNA in 5 µl of A. bidest. were denatured at 100°C for 5 min

and briefly placed on ice. 10.5 µl of A. bidest., 5 µl OLB solution, 1 µl of acetylated

BSA (10 mg/ml), 1 µl Klenow fragment (5 U/µl) and 2.5 µl of α-32P-dCTP (370 kBq/µl)

                                           
1 Positive membrane, Appligene, Illkirch, France
2 Booskamp, Wuppertal, Germany
3 Horizon 11-14, Invitrogen, Eggenstein, Germany
4 BioRad Inc., Munich, Germany
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were added and the reaction was incubated at room temperature for 4 h. 100 µl of

stop buffer were added to stop the reaction. The labeled DNA probe can be used

immediately or the unincorporated α32P-dCTP can be eliminated using a Sephadex

G-25 column1. The probe was stored in a lead container at –20°C. Immediately prior

to use, the labeled DNA probe was denatured at 95°C for 5 min

C.5.9.4. Preparation of RNA probes with α32P-rUTP

Probes were generated by in vitro RNA synthesis. DNA fragments with the sequence

of interest were cloned into cloning vectors pTZ18 and pTZ19 containing a T7

promoter. The generated plasmids were linearized by digestion with an appropriate

restriction enzyme and purified using the Gene Clean® kit2 according to the

manufacturer's instructions. 0.2 µg of linearized plasmid were mixed with 1.3 µl RNA

polymerase buffer (10 x), 0.5 µl of rATP (10 mM), rCTP (10 mM), rGTP (10 mM)

each, 2.5 µl α32P-rUTP (370 kBq/µl), 0.5 µl RNase inhibitor RNase out3 (40 U/µl),

0.25 µl BSA (10 mg/ml) and 0.5 µl T7 RNA polymerase (50 U/µl) in a final volume of

13 µl, and incubated at 37°C for 2 hours. DNA was removed by adding 0.5 µl RNase-

free Dnase, and incubating for further 15 min. Protein was removed by adding 100 µl

A. bidest., 50 µl phenol equilibrated in water (pH 4.5-5) and 50 µl chloroform:isoamyl

(24:1) and intensive vortexing. After centrifugation at 13,000 rpm for 10 min the upper

phase was transferred into a fresh tube. The radiolabeled RNA was precipitated by

adding 14 µl 5 M ammonium acetate and 2 ½ volumes of 96% ethanol overnight at

4°C. The RNA probes were centrifugated at 13,000 rpm for 10 min, dried and

resuspended in 100 µl A. bidest.. The integrity of the RNA probes was confirmed on

a 5% urea-acrylamid gel (I.2). Prior to the usage in Northern hybridization, 45 µl of

formamid were added, and the RNA probe was denatured by heating to 70°C for 10

min.

                                           
1 NAPTM-5 column, Amersham Biosciences, Freiburg
2 Qbiogene, Heidelberg, Germany
3 Invitrogen, Eggenstein, Germany
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C.5.9.5. Southern hybridization

Southern hybridization was performed overnight following standard procedures

(SAMBROOK et al. 1989) in a hybridization oven1 at 60°C, using a hybridization

buffer containing 6 x SSC, 0.5% SDS, 5 x Denhardt´s solution and 0.01 M EDTA.

Blots were washed three times for 30 minutes at 65°C (3 x SSC, 0.5% SDS for most

applications; for higher stringency, 0.1 x SSC, 0.5% SDS was used), and exposed to

an X-ray film2 with intensifying screen at –70°C. The exposure time was adjusted

depending on the signal strength.

C.5.9.6. Northern hybridization

Northern hybridization was performed overnight following standard procedures in a

hybridization oven at 65°C. Blots were washed at 55°C once with wash solution I for

20 minutes, then twice with wash solution II for 20 minutes, and were then exposed

to an X-ray film with intensifying screen at –70°C. The exposure time was adjusted

depending on the signal strength.

C.5.9.7. DNA colony blotting

Colony blotting was performed using circular nitrocellulose membranes3. Membranes

were placed on colonies, left for five minutes, then removed and placed (colony side

up) on plastic wrap to which 700 µl of NaOH (0.5 M) had been applied, and incubated

for five minutes. This step was repeated once, then the membranes were placed on

700 µl buffer containing NaCl (1.5 M) and Tris-HCl (1 M, pH 7.5), and incubated for

five minutes; this step was repeated once, after which the membrane was placed on

700 µl of Tris-HCl (1 M, pH 7.5) for five minutes. Between each of the incubation

steps excess liquid was removed by placing the membranes onto 3MM filter paper.

Finally, membranes were dried and baked for one hour at 80°C, and colony blot

hybridization was performed as described for Southern blotting, after careful removal

of colony material after prehybridization at 55°C for 2 hours.

                                           
1 Mini hybridization oven, Qbiogene, Heidelberg, Germany
2 Kodak X-OMAT® AR or BioMax, SIGMA, Deisenhofen, Germany
3 Protran BA 85, Schleicher & Schuell, Dassel
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C.5.9.8. Nucleotide sequencing and sequence analysis

Nucleotide sequencing was done by SeqLab, Göttingen, Germany. Sequence

analyses were performed using the HUSAR program package supplied by Deutsches

Krebsforschungszentrum Heidelberg, Germany (dkfz).

C.5.9.9. Electroporation of B. hyodysenteriae

(ROSEY et al. 1995)

Deletions were introduced into B. hyodysenteriae using an E. coli cloning vector

containing an antibiotic resistance determinant within the truncated gene of interest.

Via homologous recombination the intact chromosomal gene should be exchanged

against the insertionally inactivated gene in the recombinant vector.

B. hyodysenteriae B204 was grown overnight in 7 ml BHIS medium in test tubes.

10 ml of the overnight culture were inoculated in 250 ml of fresh BHIS medium and

incubated for approximately 24 hours. All centrifugation steps were carried out in

sealed containers that had been equilibrated for more than 12 hours in the anaerobe

chamber1. Pellets were resuspended in an anaerobe chamber with buffers that had

been equilibrated in the chamber for more than 12 hours. Briefly, 250 ml of culture

was chilled on ice for 30 min, harvested2 (7500 rpm, 4°C, 10 min [GSA Rotor]), and

resuspended in 25 ml of 0.5 M chilled anaerobic sucrose. Cells were incubated on

ice for 20 min, harvested as described above and resuspended in 1.25 ml of 0.5 M

chilled sucrose solution. The actual electroporation step was carried out under

normal atmosphere. Samples were prepared for electroporation by mixing 50 µl of

electrocompetent cells with 500 ng linearized plasmid DNA and adjusting the volume

to 100 µl with chilled 0.5 M sucrose. The samples were placed into prechilled 0.2 cm

electroporation cuvettes3 and pulsed with the Gene Pulser3 using the following

settings: 2.0 kV, 25 µF and 200 Ω. Immediately after the electric discharge, the cells

were transferred into 7 ml of anaerobic BHIS medium. Phenotypic expression was

                                           
1 Forma Scientific Anaerobic system model 1024, Forma Scientific, Inc., Marietta, U.S.A.
2 Sorvall RC-5B Refrigerated Superspeed Centrifuge, Du Pont Inst., Bad Homburg, Germany
3 Bio-rad, München, Germany
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allowed to occur for 7 hours by incubating at 37°C with constant stirring. Then

200 µg/ml kanamycin or 10 µg/ml chloramphenicol (final concentration) were added

for the selection of transformants. After an additional 17 hours of incubation 100 to

200 µl were plated onto selective TSB agar plates containing 200 µg/ml kanamycin or

10 µg/ml chloramphenicol depending on the plasmid used. Plates were incubated

under anaerobic conditions at 39°C for 3 to 5 day. Colonies were subcultured onto

selective plates and analysed by PCR.

C.6. Manipulation of proteins

A.1.1. Preparation of protein aggregates

(GERLACH et al. 1992)

In this study, protein aggregates were used to raise antibodies against

B. hyodysenteriae proteins in rabbits. These protein aggregates were generated by

inserting parts of the respective genes into a matching reading frame of an

appropriate pGEX expression vector (Table 2). Induction of the plasmid's tac

promoter with IPTG results in the production of GST (glutathione-S-transferase)

fusion proteins. These fusion proteins can agglomerate in the cytoplasm of the E. coli

host cell, forming inclusion bodies that can be purified and, upon solubilization, can

be used as antigens to raise antibodies in rabbits.

Protein aggregates were prepared as described by GERLACH et al. (1992). Briefly, a

250 ml liquid culture of the E. coli strain Rosetta® carrying the expression vector was

incubated to an OD660 of 0.3-0.5, induced with IPTG (1mM) and incubated for an

additional 2 hours. Bacteria were harvested by centrifugation (2,600 x g) at 4°C for

10 minutes, the cell pellet was resuspended in 2.5 ml Tris-HCl (50mM, pH 8.0) with

25% sucrose and frozen at –70°C overnight. After thawing, ¼ volume of Tris-HCl

(250 mM, pH 8.0) containing 10 mg/ml of lysozyme were added and the mixture was

incubated on ice for 10 minutes. The addition of 5 volumes 2 x RIPA/ TET (mixed

5:4) was followed by another incubation on ice for 10 minutes. Then the mixture was

sonicated using the sonicator's mini tip1 4 x 30 seconds at output 3-4.

                                           
1 Sonic Cell Disruptor, Branson Sonifer, Branson Power Co., Dannbury, U.S.A.
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Aggregate preparations were centrifuged at 15,000 x g, 4°C for 20 minutes and then

resuspended in 1 ml A. bidest. 2 µl aliquots were run on 10.9% SDS PAGE gels to

confirm the purity of the aggregate preparations.

C.6.2. Determination of protein concentration

Protein concentrations were determined using the Micro BCA® Protein Assay1 in 96

well microtiter plates with bovine serum albumin as the standard (100 µg/ml). Sam-

ples to be tested were diluted 1:10 and 1:100. The assay was performed according to

the manufacturer's instructions and read in an ELISA reader2 at a wavelength of

550 nm.

C.6.3. Preparation of proteins from Brachyspira ssp. by whole cell lysis

Brachyspira species were grown in 7 ml BHIS medium. One and a half ml of bacterial

cell culture were harvested by centrifugation at 13,000 rpm for 5 min, and all

supernatant was removed. The cell pellet was resuspended in 50-100 µl A. bidest. to

obtain suspensions of similar optical density, and 5 µl of the cell suspension were

loaded into a slot of a 15 well comb in a Bio-Rad Minigel chamber. Prior to loading,

cell suspensions were mixed with 5 µl of 2x SDS sample buffer, boiled at 100°C for 5

min and centrifuged briefly. Either prestained molecular weight standard3 or non-

stained molecular weight standard4 were run on the same gel to estimate the

molecular mass of the proteins. Samples were separated on a 10.9% or 12.5% SDS-

PAGE gel at 150 V for 65 min Gels were stained using Coomassie Blue and

documented using an computer based image documentation system5.

                                           
1 Pierce Micro BCA® Protein Assay, Pierce, Rockford, U.S.A.
2 MR5000, Dynatech Laboratories Inc., Alexandria, U.S.A.
3 Prestained SDS-PAGE Standard Low Range, Bio-Rad, Munich, Germany
4 LMW Electrophoresis Calibration Kit, Amersham Biosciences, Freiburg, Germany
5 Gel Doc 1000/Multi-analyst; Bio-Rad, Munich, Germany
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C.6.4. Preparation of antisera

In this study, rabbit antiserum raised against recombinant B. hyodysenteriae proteins

expressed by E. coli Rosetta® as GST fusions was used to develop Western blots.

This serum was prepared as follows: New Zealand White rabbits1 8 weeks of age

were injected intradermally with approximately 100 µg of protein aggregate that was

solubilized in 5 µl 7 M guanidinium hydrochloride, then diluted by rapidly adding

200 µl of PBS and mixed with 70 µl of Emulsigen®2. The immunization was repeated

twice with an interval of 2 weeks.

C.6.5. Purification of antisera

In order to reduce background signals, antisera were purified by adsorption to

nitrocellulose-bound whole cell lysates of E. coli Rosetta® carrying the plasmid

pGEX 5x3. The absorption was repeated if the background signals were not reduced

sufficiently.

Bacterial strains were grown in 50 ml of appropriate media, induced with IPTG

(1 mM) and incubated for two hours before centrifugation, resuspended in 500 µl A.

bidest.; 500 µl SDS-PAGE sample buffer were added and the mixture was heated to

100 °C for 5 minutes. Twenty cm2 of nitrocellulose were saturated with 500 µl of

lysate, washed four times with washing buffer, blocked for one hour in blocking buffer

and incubated with 5 ml of serum (diluted 1:5 in blocking buffer, see I.2) overnight at

4°C on a rolling incubator3.

                                           
1 Harlan-Winkelmann, Borchen, Germany
2 MVP Laboratories Inc., Ralston, Nebraska, U.S.A.
3 CAT RM5, Ingenieurbüro CAT, M. Zipperer GmbH, Staufen, Germany
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C.6.6. Protein detection

C.6.6.1. Western blotting in a tank transfer system

Western blotting was done using the Mini Trans-Blot® system1. Proteins were trans-

ferred to a nitrocellulose membrane2 as described by SAMBROOK et al. (1989) for

30 min at 50 V or 30 min at 100V.

C.6.6.2. Immunoblotting using alkaline phosphatase-conjugated antibodies

Immunoblotting was performed according to standard procedures using an alkaline

phosphatase-conjugated goat anti-rabbit IgG antibody, diluted 1:2000, as conjugate,

and BCIP (5-bromo-4-chloro-3-indolyl phosphate) and NBT (nitroblue tetrazolium) as

substrate for visualization of protein bands (SAMBROOK et al. 1989). Porcine sera

were used in a 1:10 dilution. The rabbit sera raised against recombinant proteins

were used as indicated in Table 6.

C.6.6.3. Immunoblotting using chemiluminescence

Chemiluminescence was used for the visualization of protein bands seen very faintly

in the immunoblotting using alkaline phosphatase-conjugated antibodies. Proteins

were transferred using transfer buffer II (Appendix I.2) onto a nitrocellulose

membrane for 30 min at 100 V, and the membrane was blocked overnight with 5%

Blotto non-fat dry milk3 at 4°C. Immunoblotting was performed using the ECL®

Western blotting analysis system4, TBST buffer (10mM Tris [pH 8.0], 150 mM NaCl,

0.1% [v/v] Tween 20) and peroxidase-linked donkey anti-rabbit antibody4, diluted

1:7500, according to the manufacturer's instructions. The rabbit sera raised against

recombinant proteins were used as indicated in Table 6.

                                           
1 BioRad Inc., Munich, Germany
2 Protran BA85 0.45µM, Schleicher and Schuell, Dassel
3 Santa Cruz Biotechnology, Inc., Santa Cruz, U.S.A.
4 Amersham Pharmacia Biotech, Freiburg, Germany
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Table 6: Dilution of rabbit sera raised against recombinant proteins used in
this study

serum raised against dilution
BhoA 1:500
FruR 1:2000
FruA 1:500
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D. Results

D.1. Isolation of two B. hyodysenteriae-specific fragments using
Representational Difference Analysis (RDA)

D.1.1. Representational Difference Analysis (RDA)

In this work a simplified RDA approach (C.5.6) with one round of substraction and

subsequent amplification was used. Chromosomal DNA of B. hyodysenteriae B204

was used as 'tester', and the combined chromosomal DNA of B. pilosicoli P43/6/78T,

B. innocens C336, B. intermedia AN26:93 and B. murdochii C301 as 'driver'. Both,

'tester' and 'driver' DNA, were cleaved with the restriction enzyme DpnII. 2.5 µg of the

'tester' DNA was ligated to the adapter consisting of the oligonucleotides RBam12

and RBam24, diluted 10- to 1000-fold, and 'driver' DNA was added in amounts

resulting in a 10- to 1000-fold excess of 'driver' DNA. The subtractive hybridization of

the 'tester'-specific DNA fragments to 'driver' DNA was followed by a PCR-based

exponential amplification of the B. hyodysenteriae-specific fragments. Gel

electrophoresis of the PCR-derived DNA revealed distinct bands with a length of less

than 500 bp. For further analysis the PCR products were cloned into the pCR®II-

TOPO vector.

D.1.2. Verification of the species specificity and sequence analyses of the
RDA fragments

PCR products of 78 RDA clones were obtained by using RBam24 as primer on the

pCR®II-TOPO constructs and were analysed by differential Southern blot analyses

(C.5.9.1, C.5.9.5) using the whole genome of the 'tester' and of the 'driver' as α32P-

labeled probes (C.5.9.3). In total, four RDA fragments were identified to react with

'tester' DNA only; further Southern blot analyses revealed that three of them were

identical. In summary, two different RDA fragments designated as BH100 and BH400

were identified to react solely with the chromosomal DNA of B. hyodysenteriae B204

(Fig. 2).
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Fig. 2: Identification of B. hyodysenteriae-specific DNA fragments by
Southern blot analyses.
PCR-products of cloned RDA fragments were hybridized with
32P-labeled chromosomal DNA of the 'tester' (A and C) and the 'driver'
(B and D). A and B, lane 4 contains the B. hyodysenteriae-specific
RDA fragment designated as BH100; lanes 1-3, 5, 7 and 8 contain non-
specific RDA fragments; lane 6 contains a B. hyodysenteriae-specific
RDA fragment identical to BH100; C and D, lane 1 contains the
B. hyodysenteriae-specific RDA fragment designated as BH400; lanes
2-7 contain other non-specific RDA fragments; lane 8 contains PCR-
amplified tester DNA ligated to the adapter as positive control. The
arrows indicate the position of the specific fragments.

The B. hyodysenteriae-specific fragments BH100 and BH400 (487 bp and 179 bp in

length, respectively) were sequenced (C.5.9.8). The sequence information revealed
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that both fragments were part of continuous ORFs. The DNA and the deduced amino

acid sequences were subjected to database searches using the BLAST and FASTA

algorithms. Fragment BH100 showed no significant homology to any bacterial gene

or protein. The putative peptide encoded on fragment BH400 revealed a homology of

54.4% or 49.1% homology spanning 57 amino acids to a fructose-bisphosphate

aldolase of Thermotoga maritima (accession no. G72397) or Deinococcus

radiodurans (accession no. F75378), respectively. The DNA and deduced amino acid

sequences of fragments BH100 and BH400 are shown in Fig. 3 and Fig. 4.
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DpnII
|

GATCTCAGTATTTGAATCAGCTTCCTAAAGCTATGATATGCGGAGGATTATTGTCAGGTG
1 ---------+---------+---------+---------+---------+---------+ 60

CTAGAGTCATAAACTTAGTCGAAGGATTTCGATACTATACGCCTCCTAATAACAGTCCAC

c S Q Y L N Q L P K A M I C G G L L S G A -

CAAGCGAAGCCATAAGTAAATTTGCCCAATTCATATCAGATGGTGGCAATTGGACTGAAG
61 ---------+---------+---------+---------+---------+---------+ 120

GTTCGCTTCGGTATTCATTTAAACGGGTTAAGTATAGTCTACCACCGTTAACCTGACTTC

c S E A I S K F A Q F I S D G G N W T E E -

AGGAGTTTATTGAGGCAGGATATAAAATTCTTACTTCTGGTATTGAAGGCGGAGCAAAAA
121 ---------+---------+---------+---------+---------+---------+ 180

TCCTCAAATAACTCCGTCCTATATTTTAAGAATGAAGACCATAACTTCCGCCTCGTTTTT

c E F I E A G Y K I L T S G I E G G A K S -
121 ---------+---------+---------+---------+---------+---------+ 180

GCGGATTAGCTGTAACTTTTACTTATCTAGGAAATGAAATAGGTTCATCTTTACTTAAAA
181 ---------+---------+---------+---------+---------+---------+ 240

CGCCTAATCGACATTGAAAATGAATAGATCCTTTACTTTATCCAAGTAGAAATGAATTTT

c G L A V T F T Y L G N E I G S S L L K S -

GTCCTTATGTAGGCGGAACTTTGGCTATGATGACAATAGATACATTAAAAAGTATGTACA
241 ---------+---------+---------+---------+---------+---------+ 300

CAGGAATACATCCGCCTTGAAACCGATACTACTGTTATCTATGTAATTTTTCATACATGT

c P Y V G G T L A M M T I D T L K S M Y R -

GATTTATTATAGGTGAAATAGACAGTGTTGAGTTAATGGGAGAAGTGTATCAGAATTTTA
301 ---------+---------+---------+---------+---------+---------+ 360

CTAAATAATATCCACTTTATCTGTCACAACTCAATTACCCTCTTCACATAGTCTTAAAAT

c F I I G E I D S V E L M G E V Y Q N F I -

TTTATACAACATCAGCTTCATTAGGTGGATGGGGAGGAAGTACATTAGCTGGAGTTATAG
361 ---------+---------+---------+---------+---------+---------+ 420

AAATATGTTGTAGTCGAAGTAATCCACCTACCCCTCCTTCATGTAATCGACCTCAATATC

c Y T T S A S L G G W G G S T L A G V I V -

TTTCTAATATGTCTATAAGCGGAGCTTCTGCAGCTGCTGTAGGTGCTTGGGCAAGTATAG
421 ---------+---------+---------+---------+---------+---------+ 480

AAAGATTATACAGATATTCGCCTCGAAGACGTCGACGACATCCACGAACCCGTTCATATC

c S N M S I S G A S A A A V G A W A S I V -

DpnII
|

TTGGATC
481 ------- 487

AACCTAG

Fig. 3: Nucleotide sequence and deduced amino acid sequence of the ORF
encompassing the B. hyodysenteriae-specific fragment BH100.
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DpnII
|

GATCATGGCTTAACATTAAATACTGTTGTGAGATGCATACAGAATGGTTTTTCTTCTATA
1 ---------+---------+---------+---------+---------+---------+ 60

CTAGTACCGAATTGTAATTTATGACAACACTCTACGTATGTCTTACCAAAAAGAAGATAT

a D H G L T L N T V V R C I Q N G F S S I -

ATGATTGATGCTTCTGCTTATCCTTATGAAGAAAATATCAGAAGAACTAAAGAGATAGTA
61 ---------+---------+---------+---------+---------+---------+ 120

TACTAACTACGAAGACGAATAGGAATACTTCTTTTATAGTCTTCTTGATTTCTCTATCAT

a M I D A S A Y P Y E E N I R R T K E I V -

DpnII
|

AATATATGTCATAGTGTAGGAATATCTGTTGAAGGTGAGCTAGGAACTATTGGCGGATC
121 ---------+---------+---------+---------+---------+--------- 179

TTATATACAGTATCACATCCTTATAGACAACTTCCACTCGATCCTTGATAACCGCCTAG

a N I C H S V G I S V E G E L G T I G G -

Fig. 4: Nucleotide sequence and deduced amino acid sequence of the ORF
encompassing the B. hyodysenteriae-specific fragment BH400.

D.1.3. Localisation of BH100 and BH400 on the B. hyodysenteriae genome

In order to investigate whether the fragments BH100 and BH400 belong to a single

B. hyodysenteriae-specific chromosomal locus they were mapped on the

B. hyodysenteriae genome. A first genomic map of the B. hyodysenteriae reference

strain B78T was reported by ZUERNER and STANTON (1994) using the restriction

endonucleases BssHII, EclXI, NotI, SalI and SmaI.

Pulse field gel electrophoresis (PFGE, C.5.7) of the chromosomal DNA of

B. hyodysenteriae B204 and B78T was performed using the restriction enzymes EagI

(isoischizomer to EclXI) and SalI. In B. hyodysenteriae B78T fragment BH100

hybridized to an approximately 800-kb EclXI fragment (Fig. 5A). In order to determine

whether fragments EclXI-A or EclXI-B were hybridized, PFGE with improved

separation of larger DNA fragments was performed (Fig. 5B); hybridization of BH100

to fragment EclXI-A was observed and confirmed by hybridising the same blot with a

nox gene fragment previously mapped to this fragment (ZUERNER and STANTON

1994). Fragment BH400 hybridized to the 320-kb SalI-B and 420-kb EclXI-E

fragment of B. hyodysenteriae B78T. These results show that the fragments BH100
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and BH400 are not part of a single locus on the B. hyodysenteriae genome and are

summarized in Fig. 5C.
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Fig. 5: Figure legend on the following page
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Fig. 5: Localisation of the RDA fragments BH100 and BH400 on the
B. hyodysenteriae B78T chromosome.
(A) Ethidium bromide stained gel (left) and Southern blots using
BH100 (middle) and BH400 (right) as probes; the lanes contain
Lambda concatemers (M), B. hyodysenteriae strains B204 and B78T

digested with SalI (lanes a, b) and with EagI (lanes c, d). The numbers
to the left indicate the size of the marker (in kb); the numbers to the
right indicate the size of the relevant fragments hybridising to the
digested DNA of B. hyodysenteriae B78T (in kb).
(B) improved separation of B. hyodysenteriae B78T EagI-digested DNA
by PFGE: 1, ethidium bromide stained gel; 2, Southern blot using with
BH100 as probe; 3, the same blot hybridized with a nox gene derived
probe. The numbers indicate the size of the fragments in kb.
(C) Physical map of the B. hyodysenteriae B78T chromosome
(ZUERNER and STANTON 1994). The arrows indicate the EclXI and the
SalI fragments hybridized by BH100 and BH400, respectively.

D.1.4. Distribution of the RDA fragments in Brachyspira spp. field isolates

In order to verify the species specificity, Southern blots (C.5.9) were performed with

74 B. hyodysenteriae, 12 B. pilosicoli, six B. intermedia, five B. murdochii, five

B. innocens field isolates, and all reference strains using the PCR products of the

identified fragments BH100 and BH400 as probes. Chromosomal DNA was digested

with EcoRV. Both probes hybridized to a single band of different sizes in all 74

B. hyodysenteriae field isolates. Fragment BH100 did not hybridize to any strain of

the other species at intermediate stringency conditions (3 x SSC, 0.5 % SDS, 65°C).

Fragment BH400 hybridized to a single B. pilosicoli field isolate; using high

stringency washing conditions (0.1 x SSC, 0.5% SDS, 65°C) no positive reaction with

strains of other species was observed. In Fig. 6 examplary Southern blots are shown

using BH100 and BH400 as probes. A PCR product derived from the nox gene using

primer Bnoxf and Bnoxr was used as positive control.
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Fig. 6: Southern blots of Brachyspira spp. reference strains and field isolates
using fragments BH100, BH400, and a nox gene-derived DNA fragment
as probes.
The chromosomal DNA was digested with EcoRV. (A) lane 1 contains
B. hyodysenteriae B204 and lanes 2-21 20 B. hyodysenteriae field
isolates hybridized with BH100 (top) and BH400 (bottom). (B) lane 1
contain B. hyodysenteriae B204; lane 2, B. murdochii C301; lane 3,
B. innocens C336; lane 4, B. intermedia AN26:93; lane 5, B. pilosicoli
P43/6/78; lanes 6-11, B. murdochii field isolates; lanes 12-16,
B. innocens field isolates; lane 17, B. intermedia field isolate; lanes 18-
21, B. pilosicoli field isolates hybridized with BH100 (top), BH400
(middle), and a nox gene fragment (bottom).
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D.2. Characterization of the RDA fragment BH100

D.2.1. Isolation of B. hyodysenteriae DNA spanning RDA fragment BH100

As the database search using the sequence of the RDA fragment BH100 revealed no

significant homology to any bacterial gene or protein, larger fragments were to be

cloned. Southern blots (C.5.9.1, C.5.9.5) were performed on B. hyodysenteriae DNA

cut with a variety of restriction endonucleases, using the RDA fragment as
32P-labeled probe (C.5.9.3). The RDA fragment BH100 hybridized to a HindIII- and

an EcoRV-fragment of 4-6 kb in length.

To clone larger B. hyodysenteriae DNA fragments encompassing the RDA fragment

BH100, HindIII- and EcoRV-digested B. hyodysenteriae chromosomal DNA of the

appropriate size was cloned into pBluescript. Positive clones were obtained only for

EcoRV-restricted B. hyodysenteriae DNA resulting in the plasmid pBH106.

No clone containing a 4-6 kb HindIII-fragment and the entire ORF could be isolated

even by repeated experiments suggesting that the presence of the entire gene might

be lethal to the transformed E. coli. Therefore, the fragment BH104 was obtained

using a reverse PCR approach; HindIII fragments of about 4.5 kb were ligated into

pBluescript. Directly on the ligation mix a PCR was performed using primer M13rev

(binding to the vector pBluescript) and the internal primer BH100for. The PCR

product was ligated into pCR®-XL-TOPO, and colony blots were used to identify a

recombinant clone. A HindIII-PstI fragment of a positive clone was ligated into

pBluescript resulting in plasmid pBH104. The two overlapping fragments present in

pBH106 and pBH104 cover 6437 bp of the B. hyodysenteriae genome and

encompass the RDA fragment BH100; a physical map of the overlapping fragments

is shown in Fig. 7.
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Fig. 7: Physical map of B. hyodysenteriae chromosomal DNA of 6437 bp in
length encompassing the RDA fragment BH100.
Indicated are the restriction endonuclease sites of EcoRV, HindIII,
DpnII, PstI and NsiI with the position of the first base, and the
localisation of the fragments BH100, BH104 and BH106 by boxes. The
solid arrow indicates the size and the relative position (in
parentheses) of the B. hyodysenteriae-specific ORF. The small arrows
indicate the position of the primers BH100for, oBO19, oBO20, oBO21
and oBO22 (with the position of their
5' end in parentheses) used for the cloning of fragment BH104
(BH100for) and the construction of plasmids for the generation of
fusion proteins.

D.2.2. Initial characterization of the putative BhoA protein of
B. hyodysenteriae

In order to investigate fragment BH100, two B. hyodysenteriae DNA fragments

(BH104 and BH106) having a total length of 6.4 kb were cloned. Sequence analysis

(GenBank accession no. AY074796) revealed that the RDA fragment BH100 was

part of an ORF of 2130 bp in length as shown in Fig. 7. Other ORFs of the 6.4 kb
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DNA sequence were not examined for their species-specificity, and not further

analysed. The entire DNA sequence with the ORF is shown in appendix I.3.

The deduced amino acid sequence with a predicted molecular mass of 75.3 kDa1

was subjected to database search using BLAST and FASTA algorithms. No

significant homology to any bacterial protein was found, but using FASTA a limited

homology of 20.1 % over 244 amino acids (positions 1-244) to the sensory

transduction histidine kinase DhkA (accession no. S71629) of the slime mold

Dictyostelium discoideum was observed. In addition, BLASTP search revealed a

limited homology to the sensory transduction histidine kinase DokA (accession no.

S71628) of the same organism (SCHUSTER et al. 1996). The alignment of the

B. hyodysenteriae protein with DokA protein (see I.4) revealed remarkable similarity

to a region encompassing the PAS domain of DokA. PAS domains are important

cytoplasmic signaling modules that monitor changes in oxygen, redox potential, small

ligands and overall energy level in the cell, and are found in bacteria almost

exclusively in sensors in two-component regulatory systems (TAYLOR and ZHULIN

1999).

However, the conserved phosphotransfer motif of the DokA protein (histidine residue

[position 1053] in the H-box) is not conserved in the B. hyodysenteriae protein, and

neither are the other conserved motifs of a catalytic domain of histidine kinases.

Therefore the identified B. hyodysenteriae protein is unlikely to represent a histidine

kinase and was designated as BhoA (B. hyodysenteriae orphan protein A). However,

based on the homology of the PAS domain BhoA might be part of a sensor of a two-

component sensory system in B. hyodysenteriae.

In order to investigate the role of the BhoA protein in the pathogenesis of swine

dysentery, attempts were performed to obtain isogenic mutants by insertion

inactivation of the bhoA gene (D.4) without success.

                                           
1 HUSAR PEPSTATS analysis
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D.2.3. Investigation of expression of the hypothetical protein BhoA

D.2.3.1. Construction of fusion proteins

In order to examine the expression of the BhoA protein and to investigate whether

pigs would develop antibodies to BhoA during B. hyodysenteriae infection, fusion

proteins were constructed using the expression vector pGEX-5x-3 which encodes the

gene of the glutathione S-transferase (GST) downstream of the inducible tac-

promoter.

Due to the higher antigenic index1, DNA fragments of the amino- and carboxy-

terminal of the BhoA protein were selected. The coding regions were amplified via

PCR using primers with internal restriction endonuclease sites. The position of the

primers is shown in Fig. 7. The PCR products, 670 bp in length using primers oBO19

(with internal BamHI site) and oBO20 (EcoRI), and 722 bp in length using primers

oBO21 (BamHI) and oBO22 (EcoRI), were double-digested with the appropriate

enzymes and ligated into pGEX-5x-3 resulting in plasmids pBO500 and pBO501,

respectively.

The codon usage by B. hyodysenteriae differs from that of E. coli. Due to the low

G+C content of the B. hyodysenteriae genome of approximately 26%, A- and T-rich

codons occur more frequently (VAN DER ZEIJST and TER HUURNE 1997). To

overcome expression problems due to the codon bias plasmids were transformed

into the E. coli strain Rosetta® carrying the plasmid pRARE encoding tRNA genes for

rare codons for arginine, isoleucine, glycine, leucine and proline. The expression of

fusion proteins of the expected size of 49 and 50 kDa encoded by the plasmids

pBO500 and pBO501, respectively, could be induced. The fusion proteins were

purified, protein aggregates were obtained (C.6.1) and used as antigens to raise

antiserum in rabbits (C.6.4). Antibodies were purified by absorption to whole cell

lysates of E. coli containing the pGEX-5x-3 vector (C.6.5). The rabbit serum raised

against the pBO500-derived fusion protein did not detect a protein of the expected

size in B. hyodysenteriae whole cell lysates; serum raised against the protein

encoded by pBO501 detected a protein of the expected size of 76 kDa (Fig. 8).

                                           
1 Jameson-Wolf algorithm, HUSAR programm Peptidestructure
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D.2.3.2. Serological detection of expression of BhoA protein

For the investigation of expression of the hypothetical BhoA protein in other

Brachyspira species, whole cell lysates (C.6.3) of all Brachyspira species reference

strains were separated in SDS-PAGE and transfered onto a nitrocellulose membrane

(C.6.6.1). The Western blot was developed using the antiserum raised against the

pBO501-derived fusion protein (dilution 1:500) and the ECL® western blotting

detection system (C.6.6.3). The immunodetection revealed one band of the predicted

size of 76 kDa present in all Brachyspira species indicating that proteins homologous

to the BhoA protein are present in all Brachyspira species (Fig. 8).

Fig. 8: Western blot using the rabbit serum raised against the pBO501-
derived fusion protein containing the carboxy-terminal end of the
BhoA gene.
(A) Coomassie-stained gel and (B) Western blot of B. hyodysenteriae
B204 (lane 1), B. hyodysenteriae B78T (lane 2), B. intermedia AN26:93
(lane 3), B. innocens C336 (lane 4), B. murdochii C301 (lane 5)
B. pilosicoli P43/6/78 (lane 6). The black arrow indicates a protein band
of the size predicted for the BhoA protein. The scale is in kDa.

D.2.4. Immunoreactivity of B. hyodysenteriae infected pigs with BhoA

Aggregates of the pBO500 and pBO501 transformant-derived fusion proteins (C.6.1)

comprising the amino- and the carboxy-terminus of the BhoA protein, respectively,

were separated by SDS-PAGE and transfered onto a nitrocellulose membrane
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(C.6.6.1). Blots were developed (C.6.6.2) using 14 porcine sera obtained from a

swine herd infected with B. hyodysenteriae with individual animals showing clinical

signs of swine dysentery since several weeks; fecal cultures from animals of this

herd were positive for B. hyodysenteriae and the blood donors had diarrhea.

Nine porcine sera reacted positively with the fusion protein encoded by pBO500

(Fig. 9), whereas the pBO501-derived fusion protein was not recognized by any of

the sera (data not shown). As negative control for the Western blot serum of a swine

from a B. hyodysenteriae-free herd was used.

Fig. 9: Western blot using the protein aggregate containing the amino-
terminal part of the BhoA protein as antigen and sera of pigs infected
naturally with B. hyodysenteriae.
Lane 1, antiserum raised against the pBO500-derived fusion protein
(positive control); lane 2, serum of a noninfected pig (negative
control); lanes 3-16, serum of infected pigs. Arrows are indicating the
positively reacting bands. The scale is in kDa.

D.3. Isolation and molecular characterization of a fructose-specific
phosphotransferase system (PTS) of B. hyodysenteriae

D.3.1. Isolation and sequence analyses of the entire operon of the fructose-
specific PTS

D.3.1.1. Isolation of DNA fragments spanning the whole operon

The RDA fragment BH400 is part of an ORF as described in D.1.2. First, in order to

obtain the B. hyodysenteriae DNA sequence encoding the entire ORF, larger
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fragments were cloned. Southern blot analysis as described in D.1.2. revealed the

hybridization of BH400 to a HindIII-fragment of 2.5kb in length. HindIII-digested

B. hyodysenteriae chromosomal DNA of the appropriate size was cloned into

pBluescript, and positive clones were obtained using colony blots (C.5.9.7) resulting

in plasmid pBH402.

The obtained fragment BH402 was 2569 bp in length and revealed one complete

ORF with strong homology on the protein level to PTS genes of several bacteria like

Bacillus subtilis and Borrelia burgdorferi, and two partial ORFs. Since PTS genes are

known to be organized in operons, further DNA fragments of B. hyodysenteriae B204

had to be cloned to reveal the sequence of the entire putative operon. The upstream

and the downstream part of the operon, adjacent to the fragment BH402, were

cloned using reverse PCR approaches. Fragment PT800 (1840 bp in length) was

obtained using primers oGH2 (binding to pGH432 and pGH433) and internal primer

oPT8 on a plasmid pool derived from a gene bank of DpnII-fragments of

B. hyodysenteriae (2-4kb in size) in the vectors pGH432 and pGH433 as templates.

To obtain fragment PT801 (~ 1890 bp) Southern blot analysis (C.5.9.1, C.5.9.5) on

chromosomal B. hyodysenteriae DNA was performed using a α32P-labeled probe

(C.5.9.3) derived from the HindIII-fragment of pBH402 (position 3881 to 4259 in Fig.

10) which reacted with a 2 kb HinfI-fragment. HinfI-digested B. hyodysenteriae DNA

fragments of the appropiate size were blunt-ended and ligated into pBluescript

restricted with EcoRV. A PCR (C.5.5) was performed directly from this ligation mix

using primer M13for and internal primer oPT1.

The products of the two PCRs were ligated into the vectors pCR®2.1-TOPO

(pPT800) and pCR®II-TOPO (pPT801), respectively. Positive clones were identified

using PCR with internal primers. Fragment PT800 was sequenced completely,

PT801 down to the MseI restriction site (position 4470 in Fig. 10). The relative

position of all fragments cloned is shown in Fig. 10, and the entire DNA sequence

(4473 bp in length) encompassing fragments PT800, BH402 and PT801 is

represented in appendix I.5.
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D.3.1.2. Nucleotide sequence analysis of the putative B. hyodysenteriae
phosphotransferase system

Three overlapping DNA fragments (PT800, BH402 and PT801) of B. hyodysenteriae

encompassing a total length of 4473 bp were cloned revealing four ORFs of 768 bp,

456 bp, 1392 bp and 861 bp in length, respectively. The sequence was submitted

under the GenBank accession number AY072733. Database search of the deduced

amino acid sequences revealed homologies to transcriptional repressors, to PTS

enzymes IIA, to fructose-specific PTS enzymes IIBC, and to fructose-bisphosphate

aldolases, respectively. The homologies are represented in Table 7.
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Table 7: FASTA search results for the amino acid sequence of the ORF
spanning the fragments PT800, BH402 and PT801.

ORF
(position
 in bp)*
protein
(gene)

length
in bp

protein
in aa

Similarity on protein
level (length in aa)

Identity
(%)

Span
(aa)

GenBank
accession

No.

DNA-binding protein IolR,
Bacillus subtilis, (251 aa) 37.5 251 P46337

glucitol operon repressor
GutR, E. coli (257 aa) 29.6 250 P15082

transcription regulator,
DeoR family, Thermotoga
maritima (252 aa)

29.8 255 G72298

transcriptional repressor
GlcR, Bacillus subtilis
(258 aa)

28.8 250 C69632

ORF1
(561-1328)
FruR (fruR)

768 255

glycerol 3-phosphate
repressor GlpR, E. coli
(252 aa)

24.8 250 B65138

PTS enzyme IIA homolog
[imported]
Listeria innocua (152 aa)

32.4 142 AF1485

PTS enzyme IIA homolog
[imported]
Listeria monocytogenes
(152 aa)

23.4 142 AG1124

PTS system, nitrogen
regulatory IIA component
[imported], Caulobacter
crescentus (180 aa)

24.7 146 B87695

PTS nitrogen regulatory
IIA component, [imported],
Vibrio cholerae (148 aa)

34.4 125 H82065

ORF2
(1481-1937)
enzyme IIAFru

(fruA)

456 151

PTS fructose specific
enzyme IIABC component
homolog fruA, [imported],
Listeria monocytogenes
(632 aa)

26.0 146 AG1366
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Table 7 continued

ORF
(position
 in bp)*
protein
(gene)

length
in bp

protein
in aa

Similarity on protein
level (length in aa)

Identity
(%)

Span
(aa)

GenBank
accession

No.

PTS fructose-specific
enzyme IIABC,
Bacillus subtilis (635 aa)

47.4 468 H69626

PTS fructose-specific
IIABC component
(fruA-2) homolog, Borrelia
burgdorferi (626 aa)

44.7 456 D70178

PTS enzyme IIBC
component [imported]
Salmonella enterica subsp.
enterica serovar Typhi
(475 aa)

40.5 462 AC0898

PTS, fructose-specific IIBC
component, Rhodobacter
capsulatus (578 aa)

42.9 469 P23387

ORF3
(1985-3376)
enzyme
IIBCFru

(fruBC)

1392 463

PTS fructose-specific
IIABC component
(fruA-1) homolog, Borrelia
burgdorferi (625 aa)

36.6 473 G70150

probable classII fructose-
bisphosphate aldolase
[imported] Yersinia pestis
(286 aa)

47.7 287 AB0482

probable fructose-
bisphosphate aldolase 1
Bacillus subtilis (285 aa)

43.4 288 P13243

fructose-bisphosphate
aldolase, Bacillus
stearothermophilus
(287aa)

43.9 287 P94453

Tagatose-bisphosphate
aldolase GatY, E. coli
(286 aa)

36.6 287 G64976

ORF4
(3409-4269)
Fba (fba)

858 286

Fructose-bisphosphate
aldolase, Treponema
pallidum (332 aa)

33.2 328 O83668

Analogous to their homology the genes were designated as fruR, fruA, fruBC and

fbaA, the proteins, according to SAIER and REIZER (1992), as FruR, enzyme
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IIAFru, Bhy, enzyme IIBCFru, Bhy and FbaA, respectively, and the putative operon as

fruRABC-fbaA. Regarding the homologies of the deduced amino acid sequence it

was suggested that the DNA fragment of B. hyodysenteriae compromises genes of a

phosphoenolpyruvate:carbohydrate phosphotransferase system (PTS).

Studying the DNA sequence of this putative PTS operon revealed a direct repeat of

11 bp in length (GATAATATTTT) between the genes fruR and fruA (positions 1387 to

1408 bp). Direct repeats or palindromic sequences are serving as binding sites for

DNA-binding proteins. Therefore the repressor encoded by fruR might bind to this

direct repeat resulting in a regulation of the structual PTS genes.

In addition, 35 bp upstream of the ATG start codon of fruR ORF a putative promoter

sequence is located with TTGATT (-35) and TATAAT (-10), separated by 16 bp.

Upstream of each ORF a putative Shine-Dalgarno consensus sequence is located.

The use of the HUSAR program StemLoop revealed two inverted repeats 27 and

109 bp downstream of the stop codon UAA of the fbaA ORF. These inverted repeats

are suggested to serve as intrinsic transcriptional terminators. In Fig. 10 the physical

map of the DNA encompassing fragments PT800, BH402, BH400 and PT801 as well

as the characteristics of the operon based on its nucleotide sequence are shown.
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Fig. 10: Organization of the putative fruRABC-fbaA operon of
B. hyodysenteriae.
The wide arrows indicate the relative position and the direction of
translation of the 4 ORFs. The vertical arrows indicate the Shine-
Dalgarno consensus sequences (SD) of the different genes. The
diagonal arrows indicate the position of the putative promoter
sequence upstream of fruR, the direct repeats (underlined) upstream
of the gene fruA and the inverted repeats (underlined) downstream of
the gene fbaA. The line at the bottom gives the scale in bp and the
numbers indicate the position of the start and the stop codon of each
gene. The open boxes indicate the position of fragments PT800,
BH400, BH402 and PT801, the small arrows the location of the primers
(with the position of their 5’ end in parentheses) used for the
construction of fusion proteins. The dotted line indicates the non
sequenced region of PT801.
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D.3.1.3. Investigation of the species specificity of the B. hyodysenteriae PTS
gene fruBC

D.3.1.3.1. Species specificity using Southern blot analyses

Database search revealed a high homology of one ORF to enzymes IIBCFru of

fructose-specific phosphotransferase systems (Table 7). In order to prove the

species specificity of this gene, Southern blot analyses (C.5.9.1, C.5.9.5) on 74

B. hyodysenteriae, 12 B. pilosicoli, six B. intermedia, five B. murdochii and five

B. innocens field isolates and all reference strains were performed using an NsiI-

BsrGI DNA fragment encoding IIBCFru (positions 2125-3044 in Fig. 10) as probe

(C.5.9.3). The chromosomal DNA was digested with EcoRV, and examplary

Southern blots are shown in Fig. 11. The hybridization pattern and the washing

conditions were identical to the hybridization of the RDA fragment BH400 (D.1.4). All

investigated field isolates reacted positively and all reference strains and field strains

of the other four Brachyspria species did not react except a single B. pilosicoli field

isolate reacting postitive with the probe of BH400 as well (D.1.4). The observation

that the B. hyodysenteriae genes fruBC and fbaA hybridized specifically suggests

that the entire operon is B. hyodysenteriae-specific.
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Fig. 11: Southern blots of chromosomal DNA of Brachyspira species.
(A) B. hyodysenteriae B204 (lane 1) and 20 B. hyodysenteriae field
isolates (lanes 2-21) hybridized with a 919 bp NsiI-BsrGI-fragment
(positions 2125-3044 in Fig. 10) encompassing the fruBC gene.
(B and C), hybridized with the NsiI-BsrGI-fragment (B) and a nox gene
fragment (C): lane 1, B. hyodysenteriae B204; lane 2, B. murdochii
C301; lane 3, B. innocens C336; lane 4, B. intermedia AN26:93; lane 5,
B. pilosicoli P43/6/78T; lanes 6-11, B. murdochii field isolates; lanes 12-
16, B. innocens field isolates; lane 17, B. intermedia field isolate; lanes
18-21, B. pilosicoli field isolates.

D.3.1.3.2. Investigation of species specificity of the fruBC gene via PCR with

degenerated primers

In order to investigate the species specificity of the fruBC gene and to examine if

other Brachyspira species possess a PTS which differs in the nucleotide sequence

but not in the amino acid sequence, degenerated primer were devised by aligning the

nucleotide and amino acid sequences of IIBCFru of B. hyodysenteriae and the

homologous proteins given in Table 7 (Appendix I.8, Fig. 27). Degenerated primers

were selected for regions where the amino acid and the DNA sequences are highly

homologous. Nucleotides not identical among all sequences aligned were introduced
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as 'wobble bases'. Primers were spanning the DNA sequence encoding the region

with the conserved asparagine (oPT43) and the glutamate residue (oPT26). One

primer was designed to bind adjacent to the region with the conserved cysteine

residue (oPT39) and one to bind at the 5'-end of the IIC domain (oPT28).

PCRs (C.5.5) were performed using 25 pmol of each primer and 1:100 diluted

chromosomal DNA (final concentration 7 ng/µl) of the Brachyspria reference strains

in a 25 µl reaction; 50 rounds of amplification were done.

Using primers oPT39 and oPT28 an approximately 1240 bp product was obtained

from DNA of the B. hyodysenteriae strains B204, B78 and A1, however, no PCR

product was obtained from the other Brachyspira species (Fig. 12A). The PCR with

primers oPT41 and oPT26 resulted in DNA fragments of the expected size in all

Brachyspira species, and in B. innocens C336, B. murdochii C301 and B. pilosicoli

P43/6/78T additional bands were generated (Fig. 12B). Using primers oPT43 and

oPT26 all Brachyspira species revealed a PCR product of the expected size of 230

bp (Fig. 12C). In Fig. 12D the positions of the degenerated primers relative to the

IIBCFru protein are shown.

The PCR products obtained from the reference strains using primers oPT43 and

oPT26 were purified and sequenced with oPT43. 200 bp sequences derived from the

reference strains were compared using the HUSAR programme BESTFIT. The PCR

products of B. intermedia AN26:93, B. innocens C336, B. murdochii C301 and

B. pilosicoli P43/6/78T revealed a degree of identity to the sequence of

B. hyodysenteriae B204 of 72%, 64%, 69% and 63%, respectively. In comparison,

the sequences of B. pilosicoli P43/6/78T and B. intermedia AN26:93 were to 83%

identical. The deduced amino acid sequences of the PCR products of the reference

strains were compared1 with the amino acid sequence of the FruBC protein of

B. hyodysenteriae revealing a similarity of 64% (B. murdochii C301), 62%

(B. intermedia AN26:93), 53% (B. pilosicoli P43/6/78T) and 47% (B. innocens C336).

An alignment of these amino acid sequences is shown in Fig. 28 (Appendix I.9). The

results were obtained from short DNA sequences of about 200 bp of the Brachyspira

reference strains and give an idea about the similarities among the DNA and amino

                                           
1 HUSAR programme GAP
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acid sequences in the examined range. Nevertheless, the results suggest that other

Brachyspira species possess similar PTSs. The low similarity on the DNA level is the

reason for the negative result of the Southern blot analyses using a probe of the

enzyme IIBCFru on chromosomal DNA of Brachyspira species other than

B. hyodysenteriae.

Fig. 12: PCR on chromosomal DNA of the Brachyspria species reference
strains using degenerated primers.
(A) with primers oPT39 and oPT28; (B) with primers oPT41 and oPT26
and (C) with primers oPT43 and oPT26. Lanes 1, contain
B. hyodysenteriae B204; lanes 2, B. hyodysenteriae B78T; lanes 3,
B. hyodysenteriae A1; lanes 4, B. intermedia AN26:93; lanes 5,
B. innocens C 336; lanes 6, B. murdochii C301; lanes 7, B. pilosicoli
P43/6/78T; lanes 8, negative control using Aq. dest. as template in the
PCR reaction. The numbers are indicating the size in kb. (D) depicts a
physical map of the IIBCFru protein with the IIB and IIC domains and
the conserved cysteine phosphorylation site (C2), asparagine (N) and
the glutamate residues (E). The arrows indicate the position of the
degenerated primers with their 5'-end given in parentheses.
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D.3.2. Amino acid sequence analyses of the putative PTS proteins

In order to obtain further information about the identified B. hyodysenteriae-specific

genes, the deduced amino acid sequences of the ORFs were examined.

D.3.2.1. The putative repressor protein FruR

Database search revealed a significant homology of the FruR protein (255 amino

acids, precicted molecular mass ~ 29 kDa) of B. hyodysenteriae to the repressor IolR

of the iol operon (Bacillus subtilis), the glucitol PTS operon repressor GutR (E. coli),

the transcription regulator of the DeoR family (Thermotoga maritima), the

transcription repressor GlcR (Bacillus subtilis), the Glycerol-3-phosphate regulon

repressor GlpR (E. coli) and the transcriptional repressor FruR of the fructose operon

(Bacillus subtilis) as shown in Table 7. All homologous proteins listed belong to the

DeoR family of transcriptional repressors. Therefore it is suggested that FruR of

B. hyodysenteriae belongs to the same group. An alignment of this homologous

proteins is shown in the appendix (I.6).

Prediction using the HUSAR programm HTHScan and a programme1 based on the

algorithm of DODD and EGAN (1990) revealed an helix-turn-helix (HTH) motif at the

amino-terminal end of the protein (position 19-40). The HTH motif is a common

feature of DNA-binding proteins.

D.3.2.2. The putative PTS enzyme IIA

The deduced amino acid sequence (151 residues) of the FruA protein was aligned to

the homologous proteins given in Table 7. The cytoplasmic enzymes IIA of PTSs are

characterized by a conserved histidine residue serving as the phosphorylation site by

the protein P-HPr (see B.2.3). The sequence of the protein IIA of B. hyodysenteriae

possesses one histidine residue which is located in a conserved region as shown by

the comparison with the homologous proteins. The precicted molecular weight of the

FruA protein is 16.8 kDa as assessed by PEPSTAT (HUSAR) analysis, and the

alignment with the homologous proteins is shown in appendix I.7.

                                           
1 http://pbil.univ-lyon.1fr
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D.3.2.3. The membrane spanning PTS enzyme IIBC

The deduced amino acid sequence (463 residues) of the FruBC protein with the

predicted molecular weight of ~ 48.7 kDa was aligned to the homologous proteins

given in Table 7. The enzyme IICB of B. hyodysenteriae possesses a cysteine

residue (position 9) in the enzyme domain IIB at its amino-terminal end as well as an

essential asparagine (position 318) and a conserved glutamic acid residue

(position 386) in the domain IIC, each localized in a conserved region as revealed by

the alignment with the homologous proteins (I.8).

As it is known that PTS enzyme IIC domains are spanning the cytoplasmic

membrane to form a channel, the deduced amino acid sequence of fruBC was

examined using the HUSAR programm TMHMM in order to identify potential

transmembrane helices. The results are shown in Fig. 13. The protein IIBC exhibits

8-9 potential transmembrane helices; the presence of 6-8 helices is a conserved

feature for IIC domains of PTS forming the channel through the cytoplasmic

membrane (see B.2.3).

The putative B. hyodysenteriae enzyme IIBCFru shows more than 40% identity to the

homologous proteins of Bacillus subtilis and Borrelia burgdorferi (Table 7) over the

entire protein sequence, and a treshold of a minimum of 25% sequence identity is

required for classification in the PTS permease family (POSTMA et al. 1993).
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Fig. 13: TMHMM analysis of the protein encoded by the fruBC gene.
The first 130 amino acids are proposed to form the cytoplasmic part of
the protein representing the enzyme IIB domain followed by the IIC
domain exhibiting 8-9 potential transmembrane helices.

D.3.3. Examination of the transcriptional regulation of the fru operon

Transcription of most specific PTSs is induced by their major substrate as external

inducer. To examine the induction and the regulation of the B. hyodysenteriae

fructose-specific PTS Northern blot analyses and a primer extension approach were

performed.

D.3.3.1. Primer extension approach to reveal the transcriptional initiation site
of the fruRABC-fbaA operon

In order to identify the transcriptional initiation site of the fruRABC-fbaA operon a

primer extension approach (C.5.8) was performed. The sequence ladder was

generated from single-stranded DNA obtained from recombinant M13mp18 phages

containing a DNA-fragment generated with primers oPT27 and oPT8, and a DNA
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sequencing kit. 5 µg of total RNA of B. hyodysenteriae B204 grown in BHIS medium

with the addition of 10mM fructose were reverse transcribed using the primer oPT18.

The apparent transcriptional start site was mapped at an adenosine residue (position

1298) located within the 3'-end of the fruR ORF, 184 bp upstream of the putative start

codon of the fruA gene and 89 bp upstream of the direct repeats (Fig. 14). The

localisation of the apparent transcriptional start upstream of the direct repeats within

the FruR ORF suggests a negative regulation of the PTS operon with the direct

repeats serving as the operator site and a transcriptional start side located upstream

of the fruR gene. Therefore, an examination of transcription by Northern blot analysis

was performed.
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Fig. 14: Primer Extension mapping of the fru operon.
(A) Primer Extension analysis was performed with 5 µg total RNA of
B. hyodysenteriae B204 grown in BHIS medium with the addition of
10 mM fructose (lane 1). The location of the apparent transcriptional
start site on the DNA sequence is indicated by the bent arrow at the
right of the figure.
(B) The DNA and the deduced amino acid sequence in the
neighborhood of the apparent transcriptional start site of the
fruRABC-fbaA operon. The apparent initiation site of transcription is
located 184 bp upstream of the putative ATG start codon of the fruA
gene and is indicated by the bent arrow. The stop codon of the fruR
gene, the putative Shine-Dalgarno sequence and the start codon of the
fruBC gene are indicated by bold letters. The direct repeats are boxed.
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D.3.3.2. Transcription of fruR and fruBC genes in the dependence of fructose

In order to analyse the transcription of the fruABC-fbaA operon Nothern blot

hybridizations were performed. Total RNA of B. hyodysenteriae grown in BHIS

medium with and without the addition of 10 mM fructose was prepared, glyoxylated,

separated on an agarose gel and blotted onto a positively-charged nylon membrane.

For the generation of RNA probes DNA fragments of the fruR and fruBC genes were

prepared using primers oPT22 and oPT31 (fruR) and primers oPT29 and oPT42

(fruBC) and ligated into the vectors pTZ18 and pTZ19 containing a T7-RNA-

polymerase binding site resulting in the plasmids pPT900, pPT901, pPT902 and

pPT903. In vitro transcription with the T7 RNA polymerase resulted in sense RNA in

the case of the constructs pPT900 and pPT903, and in antisense RNA for plasmids

pPT901 and pPT902.

Hybridization of the Northern blots with the RNA probes derived from plasmids

pPT900 and pPT903 resulted in no positive signals. The results with the RNA probes

derived from the plasmids pPT901 and pPT902 are shown in Fig. 15.

Fig. 15: Northern blot analysis using RNA probes specific for the fruR and
fruBC genes. Lane 1, B. hyodysenteriae B204 grown in BHIS medium;
lane 2, B. hyodysenteriae B204 grown in BHIS medium with the
addition of 10 mM fructose. (A) Glyoxylated RNA separated in an 1.4 %
agarose gel; (B) Northern blot hybridized with the RNA probe specific
for the fruR and (C) hybridized with the RNA probe specific for the
fruBC gene. The arrows indicate the differently sized transcripts.
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The Northern hybridization using the fruR-derived RNA probe revealed no fructose

induction as the intensity of the hybridizing bands is identical in the RNA samples of

B. hyodysenteriae grown with and without the addition of fructose. A strong signal

with a approximate size of 1.3 kb and two weak signals of ~ 1.7 kb and 2.8 kb were

observed (Fig. 15B). The transcript of 1.3 kb did not correspond to the monocistronic

mRNA containing the fruR gene, which would be 768 bp in length. Therefore, it is

suggested that fruR is transcribed together with an additional ORF upstream.

Hybridization with the RNA probe specific for the gene fruBC revealed a more than

10 fold upregulation of transcription in the presence of fructose. Four transcripts with

strong hybridization signals of approximately 2.8 kb, 2.6 kb, 2.2 kb and 1.3 kb in

length were observed, and the largest transcript (over 3.5 kb in length) is detectable

only as a very faint band (Fig. 15C). The transcript of 2.8 kb is suggested to

correspond with the weak signal obtained by hybridization with the fruR-derived

probe. Further, the presence of a transcript of ~ 2.8 kb in both hybridizations together

with the results from the primer extension suggests the following regulation of the fru

operon. The transcription of the entire operon is driven by a strong promoter far

upstream of the fruR gene. In the absence of fructose most transcripts are terminated

by the repressor FruR bound to the operator site between the genes fruA and fruBC.

A few transcripts are not blocked, and therefore, a few larger transcripts producing

weak signals are seen in Fig. 15B. The larger transcript (2.8 kb) may represent the

mRNA covering the genes fruR, fruA and fruBC. The different sized transcripts

detected by the fruBC-specific probe may represent the entire fru operon (over

3.5 kb), a tricistronic fruR-fruA-fruBC mRNA (2.8 kb) which was detected by the fruR-

derived probe as well, a bicistronic fruBC-fbaA mRNA (2.2 kb) and a monocistronic

fruBC mRNA (1.3 kb). Based on this Northern blot analysis, it is unclear which ORFs

the 2.6 kb transcript is composed of. A suggested tricistronic fruA-fruBC-fbaA mRNA

is calculated to be nearly 250 bp larger than this transcript. The different sized

transcripts reacting with a probe specific for the fruBC gene are suggested to be the

product of a specific riboendonuclease cleavage of the RNA.

The apparent transcriptional initiation start revealed by the primer extension

approach is likely to represent the riboendonuclease cleavage site of the transcribed
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RNA. In order to prove this hypothesis, additional Northern blots and primer

extension analyses as well as mobility shift experiments have to be performed.

The Nothern blot analysis revealed a constitutive transcription of the fruR gene and

confirms the fructose-specificity of the identified PTS due to the upregulation of

transcription of the entire operon in the presence of fructose.

D.3.4. Characterization of the PTS proteins and the expression

D.3.4.1. Comparison of the arrangement of the PTS domains with others of the
mannitol family

Due to the homology on the protein level and the fructose-dependent upregulation of

transcription of the fruRABC-fbaA operon, the PTS operon identified was classified

as a fructose-specific PTS belonging to the fructose/mannitol family of PTSs. Fig. 16

shows the arrangement of domains in proteins belonging to the fructose/mannitol

family. The arrangement of the fructose-specific PTS of B. hyodysenteriae is similar

to that of E. coli and Salmonella typhimurium except that it lacks an intragenic

duplication of the IIB domain, and that domain IIA is independent and not fused with

other PTS domains.
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Fig. 16: Arrangement of the domains IIA, IIB and IIC of known PTS permeases
in comparison with the identified IIAFru and IIBCFru of
B. hyodysenteriae belonging to the mannitol family. The N-terminus of
each protein is on the left side.
Abbreviations:
Eco = E. coli; Sty = Salmonella typhimurium, Rca = Rhodobacter
capsulatus, Sca = Staphylococcus carnosus, Bhy = B. hyodysenteriae,
IIA-M-H = fusion proteins of IIA with H,
IIA-H-I = fusion proteins of IIA with domains H and I;
Symbols:

IIA with the first histidine phosphorylation site (H1)
IIB with the second cysteine phosphorylation site (C2)
IIB' intragenetic duplication of IIB
IIC with the highly conserved glutamate residue (E) and an

 essential hydrophilic residue (H, histidine; N, asparagine)
 (POSTMA et al. 1996; SAIER and REIZER 1992)

D.3.4.2. Examination of protein expression

D.3.4.2.1. Construction of fusion proteins for the proteins FruR, IIAFru and IIBCFru

EcoRI- and XhoI-restricted PCR products of the genes fruR, fruA and fruBC using the

primers listed in Table 8 were cloned into the expression vector pGEX-5x-3 resulting

in plasmids pPT500, pPT501 and pPT503. After transformation into E. coli Rosetta®

the expression of fusion proteins of the appropiate size could be induced for FruR

(~ 47 kDa; pPT 500) and FruA (~ 42 kDa; pPT501). Both fusion proteins were

purified as aggregates and used to raise antibodies in rabbits. The IIBCFru-fusion did

not render sufficient protein to be purified as aggregate. After absorption (C.6.5) the
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antisera were used for the detection of the respective proteins in Western blot

analyses.

Table 8: Details of the construction of the fusion proteins containing parts of
FruR, IIAfru and IIBCFru.

protein used
primers

position
of primers*

expression
vector

resulting
plasmid

pedicted molecular
weight of the

fusionprotein with
GST (kDa)

FruR oPT31
oPT20

621-654
1271-1231 pGex5x-3 pPT500 ~ 47 kDa

IIAFrau oPT25
oPT16

1494-1527
1899-1875 pGex5x-3 pPT501 ~ 42 kDa

IIBCFrau oPT11
oPT10

1968-1997
3374-3403 pGex5x-3 pPT503 ~ 74 kDa

* Position number refer to the physical map (Fig. 10) of the continuous DNA fragment

derived from the nucleotide sequences of PT800, BH402 and PT801.

D.3.4.2.2. Serological detection of FruR and enzyme IIAFru protein expression

For the examination of the expression of the proteins FruR and enzyme IIAFru whole

cell lysates of all Brachyspira species reference strains were separated by SDS-

PAGE and transfered onto a nitrocellulose membrane. To examine the ability of

sugars other than fructose to induce the expression of the enzyme IIFru,

B. hyodysenteriae B204 was grown in BHIS medium supplemented with different

carbohydrates to a final concentration of 10 mM, and whole cell lysates were treated

as described above. For the detection of the FruR protein Western blot analysis

using alkaline phosphatase-linked anti-rabbit antibody was used. Expression of

protein IIAFru was detected using the ECL® Western blotting analysis system with

peroxidase linked anti-rabbit IgG (Fig. 17).
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D.3.4.2.2.1 Examination of the regulation of the PTS operon using the expression of

the enzyme IIAFru

Using ECL® Western blotting analysis system translation of the fruA gene was

observed in B. hyodysenteriae revealing a protein band of ~ 16 kDa, and fructose

was the only sugar to induce the production of enzyme IIAFru. Adding other

carbohydrates such as xylitol, mannitol, glucose, sorbitol, mannose, sucrose and

lactose to the medium to a final concentration of 10 mM, the expression of enzyme

IIAFru was not induced. Exemplary Western blots are shown in Fig. 17A.

D.3.4.2.2.2 Distribution of the proteins FruR and IIAFru in Brachyspira species

In order to examine the distribution of enzyme IIAFru, whole cell lysates of

Brachyspira species reference strains grown in the presence of fructose were

separated by SDS-PAGE and subjected to Western blot analysis. The protein was

not detected in other species than B. hyodysenteriae (Fig. 17B) These results

confirm that the PTS system identified is B. hyodysenteriae-specific.

To examine the distribution of the protein FruR, Western blots of Brachyspira species

whole cell lysates were developed using the antiserum raised against the FruR fusion

protein. A protein of ~ 30 kDa was detected in all Brachyspria reference strains (Fig.

17C), and no difference in FruR expression in B. hyodysenteriae B204 was observed

by the addition of fructose to the medium confirming the results obtained on the

transcriptional level.
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Fig. 17: Expression of enzyme IIAFru and FruR protein.
Coomassie blue stained gels (left) and the corresponding Western
blots (right): (A) Whole cell lysates of B. hyodysenteriae B204 grown
in the presence of different carbohydrates using serum directed
against enzyme IIAFru: lane1, B. hyodysenteriae grown without any
additional carbohydrate; lane 2, with 10 mM fructose; lane 3, with
10 mM xylitol; lane 4, with 10 mM mannitol; lane 5, with 10 mM
glucose; lane 6, with 10 mM sorbitol.
(B) Whole cell lysates of different Brachyspira species grown with the
addition of 10 mM fructose using serum directed against enzyme
IIAFru: lane 1, B. hyodysenteriae B204 grown without any additional
carbohydrate; lane 2, B. hyodysenteriae B204; lane 3, B. intermedia
AN26:93; lane 4, B. murdochii C301; lane 5, B. innocens C336; lane 6,
B. pilosicoli P43/6/78T, all grown in the presence of 10 mM fructose.
(C) Whole cell lysates of Brachyspira species using the serum
directed against the FruR protein: lane 1, B. hyodysenteriae B204; lane
2, B. hyodysenteriae B204 grown in medium supplemented with
10 mM fructose; lane 3, B. hyodysenteriae B78T; lane 4, B. intermedia
AN26:93; lane 5, B. innocens C336; lane 6, B. murdochii C301; lane 7,
B. pilosicoli P43/6/78T.
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D.3.5. Putative role of the identified fructose-specific PTS in chemotaxis

One function associated with the presence of PTSs is the positive chemotaxis

towards the carbohydrates which are transported and phosphorylated by the

respective PTS. Based on the results of the Western blot analyses, the identified

B. hyodysenteriae PTS is fructose-specific. In order to investigate the chemotactical

response of B. hyodysenteriae to D-fructose, a chemotaxis assay (C.4.1) was

performed. Positive chemotaxis towards L-serine was described for

B. hyodysenteriae B204 by KENNEDY and YANCEY (1996) and was used as

positive control in this work. For comparative reasons, the assay was also performed

with B. pilosicoli P43/6/78T. The chemotactic ratio (Rche = number of CFU in attractant

solution [0.1 M fructose or L-serine] / number of CFU in control solution [0.9 % NaCl])

of the results of the dilution series obtained from each experiment was formed.

KENNEDY and YANCEY (1996) postulated a chemotactic ratio of more the than two

as a significant result. The obtained Rche values for L-serine were lower than those

reported by KENNEDY and YANCEY (1996) which might be due to the differences in

the assay used in this work.

The assay revealed positive chemotaxis of B. hyodysenteriae B204 towards 0.1 M D-

fructose and 0.1 M L-serine as shown in Fig. 18. The results of the chemotaxis assay

of B pilosicoli P43/6/78T were variable, especially for the investigation of chemotaxis

towards to D-fructose, as indicated by the high standard deviation, and the Rche

values were lower than 2.

The results of this assay show that B. hyodysenteriae has a positive chemotaxis

towards D-fructose. They further imply that the positive chemotaxis may be mediated

by the fructose-specific PTS of B. hyodysenteriae identified.
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Fig. 18: Chemotaxis assays of B. hyodysenteriae B204 and B. pilosicoli
P43/6/78T.
Shown are the results of three independent assays. B. hyodysenteriae
strain B204 is showing positive chemotaxis towards 0.1 M fructose
and 0.1 M serine. The chemotactic ratio (Rche) is: Rche = number of CFU
in attractant solution (0.1 M fructose or L-serine) / number of CFU in
control solution (0.9 % NaCl). Shown is the logarithm of Rche mean
values and the standard deviation.

D.3.6. Immunoreactivity of B. hyodysenteriae infected pigs with the fusion
proteins derived from fruR, fruA and fruBC gene

Protein aggregates of the FruR-, and FruA-derived fusion protein and from whole cell

lysates of E. coli Rosetta® haboring the IIBCFru-encoding plasmid pPT503 (D.3.4.2.1)

were separated by SDS-PAGE and transfered onto a nitrocellulose membrane.

These Western blots were developed using 14 swine sera obtained from a herd

infected naturally with B. hyodysenteriae and showing clinical signs of swine

dysentery as described before (D.2.4). The respective rabbit-antiserum was used as

positive control, and sera from pigs of a herd free of clinical signs of swine dysentery

served as negative control. No reaction of any porcine sera was observed using the

FruA-derived fusion protein. Three sera (Fig. 19A, lanes 3, 5 and 13) detected a

protein of 42 kDa band likely representing the FruR-derived fusion protein, and four

sera (Fig. 19B, lanes 4, 5, 14 and 16) reacted with a protein of 77 kDa proposed to
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resemble the IIBCFru-derived fusion protein. Several sera (sera 3, 4, 13 and 16)

reacted positively with more than one fusion protein and seurm 5 reacted positively

with all three fusion proteins (see also D.2.4). Following the hypothesis that the

fusion proteins used for testing the immunoreactivity of porcine sera are species-

specific, these results suggest that pigs infected with B. hyodysenteriae are

developing antibodies against the FruR, IIBCFru and BhoA protein (see D.2.4) during

the infection. The results imply that the proteins are expressed in vivo. Therefore,

future work should investigate, whether these antigens can be used for serology to

identify B. hyodysenteriae infected herds.

Fig. 19: Western blots using fusion proteins containing parts of the FruR and
the IIBCFru protein and sera from B. hyodysenteriae infected pigs.
(A) Protein aggregate of FruR fusion protein derived from E. coli
Rosetta® pPT500 transformants was used: lane 1, positiv control; lane
2, negative control; lanes 3-14, sera of B. hyodysenteriae infected
pigs; (B) whole cell lysate of E. coli Rosetta® haboring the plasmid
pPT503 (enzyme IIBCFru) was used: lanes 1 and 2, negative controls;
lanes 3-16 sera of B. hyodysenteriae infected pigs. Arrows indicate the
position of the proteins of the expected size reacting with the porcine
sera. The scale is in kDa.

D.4. Attempts to mutagenise the B. hyodysenteriae-specific genes
identified

Insertional inactivation of the hemolysin gene tlyA, the flagellar proteins encoded by

the genes flaA1 and flaB1 and the nox gene encoding the NADH oxidase using a

kanamycin and a chloramphenicol resistance determinant as selective markers have
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been previously reported (ROSEY et al. 1994; ROSEY et al. 1996; STANTON et al.

1999; TER HUURNE et al. 1992).

In order to investigate the function and the role in pathogenesis of the

B. hyodysenteriae-specific genes identified, the construction of strains with an

insertional mutation in the fruRABC-fbaA operon and in the bhoA gene was

attempted. Briefly, plasmids were constructed containing an antibiotic resistance

determinant as marker inserted into the cloned B. hyodysenteriae gene followed by

introduction into B. hyodysenteriae by electroporation to obtain double crossing over

events.

D.4.1. Construction of mutagenesis vectors of the fruBC, fbaA and bhoA gene
of B. hyodysenteriae

All constructs used were based on the vector pBluescript and were amplified in

E. coli DH5αF'.

D.4.1.1. Construction of the mutagenesis vectors with the kanamycin
resistance determinant

Plasmid pBH402 encoding the entire protein IIBCFru and part of the fructose-

bisphosphate aldolase revealed four NsiI restriction sites, two in each gene, and one

unique BsrGI restriction site (Fig. 10). In order to delete the DNA sequences in-

between the NsiI restriction sites, pBH402 was double-digested with BsrGI and either

with SalI or XbaI, blunt-ended with Klenow fragment, and religated to yield plasmids

pBH405 and pBH408, respectively. A 173 bp NsiI-fragment (positions 3691 and

3864, Fig. 10) of pBH405 encoding the fbaA gene and a 190 bp NsiI-fragment

(positions 1935 and 2125, Fig. 10) encoding the amino-terminal end of the IIBCFru

protein with its probable cysteine phosphorylation site of the enzyme domain IIB,

were deleted by endonuclease digests and religated resulting in the plasmids

pBH408∆fru and pBH405∆fba, respectively. The deletions were characterized by

PCRs. The construction scheme is exemplary shown for pBH408∆fru in Fig. 20.
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In addition, NsiI restriction sites in the plasmid pBH104 (positions 5168 to 5538, Fig.

7) were used for introducing a deletion of the bhoA gene following the scheme

described above to yield pBH104∆bho.

The kanamycin resistance determinant was derived from pUC4K. A 1239 bp long

PstI-fragment of pUC4K was ligated into the unique NsiI sites of pBH405 and

pBH408 resulting in constructs with both orientations of the kanamycin resistance

determinant relative to the cloned B. hyodysenteriae genes. Insertion of the

kanamycin resistance determinant into the NsiI site of pBH408∆fru resulted in the

plasmids pBH411Km and pBH412Km, shown as examplary construction scheme in

Fig. 20. The insertion and orientation of the antibiotic resistance determinant was

proved by restriction analyses and PCRs. Primer kan5 and kan6 were used for the

detection of the kanamycin resistance determinant, primer kan1, kan2 and primers

specific for the B. hyodysenteriae DNA adjacent to the insertion site for determining

the orientation of the antibiotic resistance determinant.
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Fig. 20: Construction scheme and physical map of pBH402, pBH408,
pBH408∆fru, pBH411Km and pBH412Km.
The vector pBluescript (pBSSK) is indicated by open boxes. The
antibiotic resistance determinants are represented by Ap, ampicillin
and Km, kanamycin. The boxed restriction enzymes were used for the
construction, unique restriction sites are indicated by astrisks. The
genes encoding the proteins enzyme IIAFru, IIBCFru and FbaA are
indicated by fruA, fruBC and fbaA.
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D.4.1.2. Construction of the mutagenesis vectors with the chloramphenicol
resistance determinant

The gene encoding a chloramphenicol acyltransferase (cat) of the staphylococcal

plasmid pC194 [accession no. NC_002013, (HORINOUCHI and WEISBLUM 1982)]

was amplified by PCR using primers oCM1 and oCM2. The resulting PCR product

was restricted with SspI and DpnII; the resulting 0.85 kb fragment was ligated into the

BamHI- and EcoRV-cut pIC20H resulting in pCM200 (Fig. 21). For the inactivation of

the fruBC gene a PstI-XhoI-fragment of pCM200 covering the chlorampenicol

resistance determinant was cloned into the NsiI-cut and CIP-treated plasmid

pBH405∆fru. Following the first ligation of the PstI site to one of the NsiI sites, blunt

ends of the XhoI and the second NsiI sites were generated using T4-DNA-

polymerase and ligated. The resulting plasmids were designated as pPC111 and

pPC112 (Fig. 21). The same construction scheme was followed to construct plasmids

with the insertion of the cat gene into the fbaA and the BhoA gene using the NsiI

restriction sites of the plasmids pBH405∆fba and pBH104∆bho and into the unique

BsrGI site (position 3044, Fig. 10) in pBH402 (fruBC). This scheme resulted in the

insertion of the antibiotic resistance determinant in both orientations relative to the

transcription direction of the B. hyodysenteriae genes, proved by restriction analyses

and PCRs.

A short stretch of only 240 bp of B. hyodysenteriae DNA is located upstream of the

insertion site of the antibiotic resistance determinant in pPC111 and pPC112. In

order to extend this B. hyodysenteriae DNA fragment and thereby increase the

probability of double crossing over events, a ~ 290 bp SspI-HindIII-fragment of

pPT800 (positions 1403 to 1698, Fig. 10) was amplified by PCR, restricted with SspI

and HindIII and cloned into pPC111 and pPC112 to yield plasmids pPC113 and

pPC114 (Fig. 21).
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Fig. 21: Construction scheme and physical map of pBH408∆fru, pCM200,
pPC111 and pPC112.
The vector pBluescript (pBSSK) and pIC20H are indicated by open
boxes. The antibiotic resistance determinants are represented by Ap,
ampicillin, Km, kanamycin and cat, chloramphenicol. The restriction
enzymes used for the construction are boxed; unique restriction sites
are indicated by astrisks. The genes encoding the proteins enzyme
IIAFru and IIBCFru are indicated by fruA and fruBC.
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D.4.2. Transformation experiments in B. hyodysenteriae B204

Electroporation-mediated transformation was performed essentially as described by

ROSEY et al. (ROSEY et al. 1995). The plasmids constructed are unable to replicate

in B. hyodysenteriae and therefore are serving as suicide vectors. To increase the

transformation efficiency plasmids were linearized with KpnI.

D.4.2.1. Transformation of kanamycin resistance determinant-containing
plasmids

B. hyodysenteriae B204 was transformed by electroporation (C.5.9.9) with the

kanamycin resistance determinant-carrying plasmids pBH411Km, pBH412Km and

plasmids with an insertion in the fbaA gene derived from plasmid pBH405∆fba.

For isolation of transformed B. hyodysenteriae cells TSB agar plates (with 5%

defribinated bovine blood) supplemented with 200 µg/ml kanamycin were used. 24

hours after the electroporation 100 to 200 µl of transformed B. hyodysenteriae was

plated onto selective plates for isolation of kanamycin resistant colonies. In most

cases no growth was visible. Consequently the remaining cultures of the transformed

B. hyodysenteriae were concentrated and transfered on selective plates.

In serveral transformation experiments kanamycin resistant B. hyodysenteriae were

obtained with no phenotypic difference in growth and appearance. However, PCRs

using primers kan5 and kan6 revealed the absence of the used antibiotic

determinant. The results were confirmed by PCR using primers binding adjacent to

both sides of the kanamycin resistance determinant inserting site. All kanamycin-

resistant cultures of B. hyodysenteriae revealed a band of the size of the wildtype

gene without any insertion of foreign DNA.

Transformation of B. hyodysenteriae with constructs containing a kanamycin

resistance determinant resulted in the production of spontaneously resistant

B. hyodysenteriae.
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D.4.2.2. Transformation of chloramphenicol resistance determinant-containing
plasmids

Due to the occurence of spontaneously kanamycin-resistant B. hyodysenteriae,

transfomation experiments were done using constructs containing the chlorampenicol

resistance determinant. As a control of the transformation experiment the plasmid

pCR2.1nox::Cm, kindly provided by T.B. STANTON and S.B. HUMPHREY was used.

pCR2.1nox::Cm contains a chloramphenicol resistance determinant inactivating the

B. hyodysenteriae nox gene. B. hyodysenteriae nox mutants were obtained in two

different experiments. The allelic exchange was confirmed by PCRs (Fig. 22). The

isolation of B. hyodysenteriae nox mutants suggests that the transformation followed

by homologous recombination is working in general.

Fig. 22: PCR results of B. hyodysenteriae mutants resulting from
electroporation with the pCR2.1nox::Cm plasmid.
Lane1, chromosomal DNA of B. hyodysenteriae B204; lane 2, plasmid
pCR2.1nox::Cm; lane 3, B. hyodysenteriae transformant; lane 4, PCR
reaction using Aq. dest. as negative control.
(A) PCR with primer oCM3 and oCM4, specific the chlorampenicol
resistance determinant,
(B) PCR with primer oCM3 and Bnoxr (specific for the nox gene of
B. hyodysenteriae) resulted in a PCR product of the expected size of
about 1.3 kb in the B. hyodysenteriae nox mutant. The PCR product
resulted from B. hyodysenteriae B204 wildtype seems to be
unspecific.

B. hyodysenteriae was transformed with pPC111, pPC112, pPC113, pPC114 and

plasmids containing the insertion of the chloramphenicol resistance determinant in
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the fbaA and bhoA gene. 24 hours after the electroporation, B. hyodysenteriae was

selected on TSB agar plates supplemented with 5% defibrinated bovine blood and

10 µg/ml chloramphenicol.

Transfering 100-200 µl of the transformed B. hyodysenteriae on selective plates

resulted in few colonies. PCRs to detect the allelic exchange with primers specific for

the chloramphenicol resistance determinant (oCM3 and oCM4) were positive in

several of these colonies. However, PCRs with primers adjacent to the insertion site

of the antibiotic cassette binding to B. hyodysenteriae DNA, revealed only the

wildtype gene, and the control PCR using primer oCM3 and a primer binding

downstream of the insertion site in the B. hyodysenteriae genes displayed very weak

positive results as shown examplary for transformation with pPC111 in Fig. 23.

However, every subcultivation of putative transformants onto fresh selective plates

resulted in no further growth. These results indicate that the double crossing overs

did not succeed.
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Fig. 23: PCR results of B. hyodysenteriae transformed with pPC111.
(A) PCR with the internal primer (oCM3 and oCM4) of the
chloramphenicol resistance determinant; (B) PCR with an internal
primer (oCM3) of the chloramphenicol resistance determinant and a
primer binding inside the fruBC gene (oPT6); (C) PCR with primer
binding adjacent to the insertion site of the antibiotic resistance
determinant (oPT7 and oPT6): lane 1, B. hyodysenteriae B204
wildtype; lanes 2-5, four clones of B. hyodysenteriae B204
transformed with pPC111; lane 6, plasmid pPC111 as positive control;
lane 7, negative control using A. dest. as template in the PCR reaction.

In order to induce the expression of the inserted cat gene, 10 mM D-fructose was

supplemented to the BHIS media in all steps following electroporation. In addition,

different changes in media were tested to improve the isolation of transformed

B. hyodysenteriae cells. BHI agar plates and BHI media supplemented with 10% calf
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serum, chloramphenicol (10 µg/ml) and with or without D-fructose (10 mM) were

used for selection. Changes in selective media as well as repeated transferring of

putative positive strains in selective BHI media did not reveal any stable mutants. In

addition, the electroporation of several B. hyodysenteriae field strains did not reveal

stable mutants either.

No B. hyodysenteriae mutants defective in the fruBC, fbaA or bhoA gene could be

obtained using suicide vectors with kanamycin or chloramphenicol resistance

determinants.
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E. Discussion

To date five Brachyspira species are known to inhabit the large intestine of swine,

producing severe (B. hyodysenteriae) or mild diarrheal disease (B. pilosicoli). Others

might be involved in disease (B. intermedia) or are proposed to be apathogenic

commensals in pigs (B. innocens and B. murdochii). Since B. hyodysenteriae is

producing the most severe diarrheal disease, the hypothesis was raised, that this

Brachyspira species might have additional genes encoding virulence-associated

factors responsible for the disease itself and adding to its severity. As the

identification of putative virulence determinants is crucial for the understanding of

bacterial pathogenesis, and genomic comparative analyses may aid in the

characterization of unidentified virulence factors, a Representational Difference

Analysis (RDA) on B. hyodysenteriae was performed. Using this technique species-

specific DNA fragments were to be identified and analyzed with respect to their

potential role in pathogenicity.

E.1. Identification of B. hyodysenteriae-specific DNA fragments
using the Representational Difference Analysis

The Representational Difference Analysis (RDA) was first described by LISITSYN et

al. (1993) as an efficient method for the identification of genetic differences between

related eukaryotic genomes. The method is based on a subtractive hybridization; a

PCR amplification of the genomes to be compared ('tester' and 'driver') is added to

reduce the complexity and the size of the DNA fragments ('representation'), and

subsequently, alternating steps of subtraction and amplification by PCR enrich the

target DNA fragments which are present only in one of the genomes ('tester'). The

RDA was first introduced for the detection of new pathogens or polymorphism in

eukaryotic genomes (LISITSYN 1995); subsequently, the successful identification of

genetic differences between related bacterial genomes via RDA have been reported.

TINSLEY and NASSIF (1996) were able to identify genetic differences between the

related species Neisseria meningitidis and Neisseria gonorrhoeae by RDA, omitting
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the 'representation' of the two genomes. MIDDENDORF and GROSS (1999)

detected specific DNA sequences of Bordetella pertussis and Bordetalla

bronchiseptica using the RDA approach. ALLEN et al. (2001) were able to isolate

DNA fragments unique for E. coli O157. CHOI et al. (2002) reported the identification

of virulence genes in a pathogenic strain of Pseudomonas aeurginosa using a strain

with different virulence properties as 'driver'.

In this work a simplified protocol of the RDA technique was used, omitting the

representation of 'tester' and 'driver' DNA and performing only one round of

substraction and amplification. The chromosomal DNA of B. hyodysenteriae strain

B204 was substracted from the combined genomic DNA of the B. pilosicoli,

B. intermedia, B. innocens and B. murdochii reference strains. Instead of enriching

the target DNA fragments by several rounds of substraction and amplification

(LISITSYN et al. 1993), the RDA fragments obtained were cloned after a single round

of amplification and transformed into E. coli. Seventy eight recombinant E. coli

transformants were subjected to differential Southern blot analyses revealing two

distinct B. hyodysenteriae strain B204-specific fragments of 487 and 179 bp,

designated as BH100 and BH400, respectively. Further Southern blot analyses,

using field isolates of all five Brachyspira species, confirmed the species-specificity of

the identified DNA fragments of B. hyodysenteriae. Only one B. pilosicoli field isolate

reacted positively with the BH400-derived probe at intermediate stringency washing

conditions (see Fig. 11). Using high stringency washing conditions no positive

reaction was observed indicating that this B. pilosicoli field isolate contains a similiar

but not identical nucleotide sequence. As B. hyodysenteriae and B. pilosicoli are not

closely related species (TROTT et al. 1996), the identification of a DNA sequence

similiar to the B. hyodysenteriae DNA fragment in only one B. pilosicoli field isolate

might be a first indication of horizontal gene transfer between the different

Brachyspira species and might be mediated by the generally transducing

bacteriophage VSH-1 (HUMPHREY et al. 1997; STANTON et al. 2001) or another

phage.

The low number of B. hyodysenteriae-specific DNA fragments revealed by the RDA

presented here is likely to be the result of the following technical aspects. Most

importantly, the use of the combined genomes of four distinct Brachyspira species as
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'driver' increases the complexity of the 'driver' population; secondly, the RDA was

performed only once. An RDA using other restriction endonucleases would likely

identify additional B. hyodysenteriae-specific fragments.

In summary, the RDA described here showed that a mixture of chromosomal DNA of

four species can be used as 'driver' and, in addition, can serve as DNA probe in

Southern blots, facilitating a rapid identification of specific DNA fragments.

Since database searches revealed no significant homology of fragment BH100 to any

bacterial gene or protein, larger DNA fragments of B. hyodysenteriae had to be

cloned. In the case of the fragment BH400, exhibiting homologies on the protein level

to a fructose-bisphosphate aldolase of Thermotoga maritima and Deinococcus

radiodurans, cloning of DNA fragments of B. hyodysenteriae was done to obtain the

entire DNA sequence of this ORF and of adjacent ORFs.

E.2. The protein BhoA of B. hyodysenteriae

Based on the RDA fragment BH100 two overlapping DNA fragments comprising a

total length of 6.4 kb were cloned and sequenced (GenBank accession no.

AY074796). Fragment BH100 is part of a 2130 bp ORF; database search revealed

only limited homology to the sensory transduction histidine kinases DhkA and DokA

of the slime mold Dictyostelium discoideum. Due to the limited homology revealed by

database search and, particulary, the lack of similarity in conserved motifs of catalytic

domains of histidine kinases the ORF was named bhoA (B. hyodysenteriae orphan

protein A).

The bhoA ORF is located on a 4.5 kb HindIII fragment; even in repeated experiments

no E. coli transformant containing this HindIII fragment could be isolated. Therefore,

an alternative strategy had to be taken revealing the entire ORF of the bhoA gene.

This led to the hypothesis that the entire ORF containing BH100 might be lethal to

transformed E. coli. The transformation of a high copy plasmids (pBluescript)

containing the entire ORF of bhoA into E. coli might result in a high number of

transcripts and protein if the transcription machinery works on the B. hyodysenteriae

DNA. Accumulation of 'foreign' protein in the cytoplasm or in the membrane could
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result in an impairment of the metabolism or structure of the cell wall of E. coli,

thereby preventing growth.

In order to investigate the expression of the BhoA protein in Brachyspira species

specific hyperimmune serum was raised. Serological detection of BhoA expression

revealed a protein of the predicted size of 76 kDa in the reference strains of all

Brachyspira species, indicating the presence of a homologous protein in the non-

B. hyodysenteriae species. Further, eight of fourteen porcine sera from animals from

a B. hyodysenteriae-infected herd reacted positively with a BhoA fusion protein. This

finding suggests that the BhoA protein might be expressed in vivo and induces an

immune response of the host.

E.3. The putative B. hyodysenteriae-specific
phosphoenolpyruvate:carbohydrate phosphotransferase
system (PTS) for fructose

Based on the RDA fragment BH400, three overlapping DNA fragments of

B. hyodysenteriae were cloned with a total length of 4473 bp (Accession no.

AY0727733). The four ORFs identified (fruR, fruA, fruBC and fbaA) revealed

homologies on the protein level to transcriptional repressors of the DeoR family, to

PTS enzyme IIA, to fructose-specific PTS enzyme IIBCFru and to a fructose-

bisphosphate aldolase and, therefore, were designated as FruR, enzyme IIAFru, Bhy,

enzyme IIBCFru, Bhy and FbaA, respectively. Due to the homologies, the cloned

B. hyodysenteriae DNA fragments were proposed to represent a fructose-specific

phosphoenolpyruvate:carbohydrate Phosphotransferase system (PTS) of

B. hyodysenteriae. PTSs are complex bacterial systems transporting and

phosphorylating carbohydrates, mediating positive chemotaxis towards the

respective carbohydrate, and regulating other metabolic pathways. The PTS proteins

are devided into general and carbohydrate-specific proteins (POSTMA et al. 1993).

Genes encoding the carbohydrate-specific proteins of PTSs are mostly organized in

an operon structure together with genes for the corresponding catabolic enzymes

(POSTMA and LENGELER 1985). This also appears to be the case for the genes
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fruR, fruA, fruBC and fbaA of B. hyodysenteriae. Thus, the genes fruA, fruBC and

fbaA immediately followed each other without intervening sequence encoding

putative promoter sequences. An inverted repeat sequence downstream of the fbaA

gene might serve as transcriptional terminator (see Fig. 10).

The structure of the putative fru operon of B. hyodysenteriae resembles the structure

of the fru operon of Bacillus subtilis (REIZER et al. 1999), this is supported by the

results of database searches revealing a homology of 47.4% to the fructose specific

enzyme IIABC of Bacillus subtilis (Table 7). Enzyme IIBCFru of B. hyodysenteriae also

shows high homologies to two fructose-specific enzyme IIABC homologs (44.7 and

36.6 %) of the spirochaete Borrelia burgdorferi (Table 7). The similarity of the

arrangement of the fru operon and of the enzyme IIBCFru of the B. hyodysenteriae to

Bacillus subtilis and the homology of the enzyme IIBCFru,Bhy to the fru genes of the

spirochaete Borrelia burgdorferi leads to the suggestion of a common ancestoral

fructose PTS in these three species. Only one difference is that the genes encoding

the enzyme II of B. hyodysenteriae were split in IIA and IIBC during the evolution and

are present in two genes in the fru operon.

The alignments of the IIAFru and IIBCFru proteins with homologous proteins found by

database search (see I.7 and I.8), revealed conserved regions in the

B. hyodysenteriae proteins containing the putative phosphorylation site (cysteine

residue) in the enzyme IIB domain, the conserved glutamate residue and the

essential hydrophilic asparagine residue in enzyme the IIC domain. This suggests

that a functional protein might be expressed by B. hyodysenteriae.

Instead of the catalytic enzyme fructose-1-phosphate kinase found in the fru operon

of enteric bacteria and Bacillus subtilis, a putative fructose-1.6-phosphate aldolase is

present as the last gene of the fru operon of B. hyodysenteriae. Fructose-1.6-

phosphate aldolase is a key enzyme in the glycolytic Embden-Meyerhof-Parnas

(EMP) pathway; fructose-bisphosphate aldolase activity and evidence of the EMP

pathway in B. hyodysenteriae have been reported by STANTON (1989).

The FruR protein of B. hyodysenteriae is proposed to belong to the DeoR family of

repressors due to the homologies found (see Table 7). All characterized members of
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the DeoR family of transcriptional regulators control sugar-catabolic operons which

appear to be induced by a phosphorylated sugar generated by enzymes encoded

within these operons; a signature sequence of the DeoR family has been proposed

by REIZER et al. (1996). This signature sequence containing the helix-turn-helix

motif is RX3[LIVM]X3[LIVM]X20T[LIVMA]R[RKAN]D[LIVMF], where the X is any amino

acid and the residues in the parentheses indicate alternative possibilities at a single

position. The deduced amino acid sequence of the putative transcriptional regulator

FruR of B. hyodysenteriae contains this proposed signature sequence, confirming

that FruR belongs to the DeoR family of regulators. The fru operon repressor of

Bacillus subtilis is also a member of the DeoR family (REIZER et al. 1999). In

contrast, the Cra protein (FruR) functioning as the repressor of the fru operon in

enteric bacteria belongs to the LacI-GalR family of transcriptional repressors

(POSTMA et al. 1993; SAIER and RAMSEIER 1996); these data substantiate the

similarity between Bacillus subtilis and B. hyodysenteriae with respect to their fru

operons.

The repressors IolR of Bacillus subtilis recognizes tandem direct repeats consisting

of two relatively conserved 11-mer sequences (YOSHIDA et al. 1999), and the

repressor GlpR of E. coli recognizes palindromic 20-mer operator sequences (ZHAO

et al. 1994); both are repressors of the DeoR family. Although there is no similarity

between the IolR and GlpR operator sites. As the tandem direct repeat located

between the genes fruR and fruA of B. hyodysenteriae does not show sequence

similarity to either one of these sites or to other operator sites detected by the DeoR

family of repressors, the hypothesized function of the tandem direct repeat as a

potential operator site of the B. hyodysenteriae fru operon needs to be substantiated

using mobility shift assays in the future.

In order to substantiate the function of the putative fru-operon of B. hyodysenteriae

as a fructose-specific PTS with a negative repressor-type regulation, Western and

Northern blot analyses were performed.

Western blot analyses using antiserum raised against the FruR fusion protein (see

Fig. 17C) revealed the presence of a protein in all Brachyspira species and showed

the constitutive expression independent of the level of fructose in the medium. On the
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other hand, serum raised against the IIAFru fusion protein (see Fig. 17A and Fig. 17B)

not only revealed species-specificity but, in addition, showed an exclusive induction

of the protein IIAFru in B. hyodysenteriae by fructose. These results indicate that a

FruR homologue is present in all Brachyspira species whereas the other Brachyspira

species might have lost parts of the fructose-specific PTS encompassing IIAFru and

IIBCFru. Further, several sera of a B. hyodysenteriae-infected herd reacted with the

fusion protein derived from the fruR and fruBC gene suggesting an in vivo expression

and induction of a host immune response.

Northern blot analyses with probes specific for the fruR and fruBC genes clearly

showed the expected constitutive transcription of the fruR gene and a fructose-

induced upregulation of transcription of the fruBC gene (see Fig. 15). In addition,

several transcripts were observed using the probe specific for the fruBC gene.

Furthermore, primer extension revealed a apparent transcriptional initiation site at the

3'-end of the fruR gene (Fig. 14), but no putative promoter sequences resembling

consensus sequences are directly located upstream this site. Therefore a post-

transcriptional cleavage of the mRNA at this site is proposed. In addition, Northern

blotting with the probe specific for the fruR gene (Fig. 15) revealed a transcript of

~ 1.4 kb in length which is larger than the ORF of the repressor gene (768 bp, see

Table 7), indicating that the fruR gene is part of a polycistronic mRNA. If the tandem

direct repeat downstream of fruR functions as an operator sequence reponsible for

the termination of transcription in the absence of fructose then these data suggest a

transcription of the fruR gene together with an ORF upstream of fruR. According to

this hypothesis the promoter consensus sequence upstream of fruR is not

responsible for the initiation of transcription of the fru operon. The combined results

from Western and Northern blotting and primer extension support the following

hypothesis of a negative FruR-mediated regulation of the fru operon. Transcription of

the fru operon is driven by a strong promoter located approximately 1000 bp

upstream of the fruR gene. In the absence of fructose the transcription is blocked by

the repressor FruR binding to the putative operator site (tandem direct repeats)

located between the fruR and fruA genes. If fructose is present, fructose-binding to

the repressor (FruR) results in the dissociation of the repressor from the operator and
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the entire fru operon can be transcribed. The data further suggest a post-

transcriptional cleavage event of the mRNA within the fruR ORF. Such an

endonucleotytic cleavage occuring in the coding sequence of the fruR gene would

cause a 3'→5' exonucleolytic degradation of the mRNA and, therefore, result in

increased production of structural fru-proteins relative to the regulatory proteins.

Such a post-transcriptional cleavage generates products exhibiting differential mRNA

stabilities, and differential mRNA degradation is known to play a role in the regulation

of gene expression. (LUDWIG et al. 2001; RAUHUT and KLUG 1999).

Further Northern blot and primer extension analyses, DNA sequencing upstream of

the fruR gene as well as mobility shift assays need to be performed to substantiate

these hypotheses, to identify the promoter, and to understand the complete mode of

regulation of the B. hyodysenteriae fru operon.

B. hyodysenteriae is known to invade the mucus layer and the colonic crypts in the

intestine, and an active invasion of B. hyodysenteriae of the goblet cells has been

suggested (POHLENZ et al. 1983; POHLENZ et al. 1984). Chemotaxis might be

involved in this process. Since it is known that PTSs of bacteria are involved in

positive chemotaxis, it is likely that the fructose-specific PTS of B. hyodysenteriae

might play a role in the colonization and invasion of the large intestine. KENNEDY

and YANCEY (1996) reported positive chemotaxis of B. hyodysenteriae towards

mucin, L-serine and L-fucose. Mucin, a glycoprotein, is the major organic constituent

of mucus secreted from the epithelial cells of the intestinal tissues. The five

monosaccharides characteristic for the mucus glycoprotein are

N-acetylgalactosamine, N-acetylglucosamine, galactose, fucose and sialic acids, and

the protein core of the glycoproteins present a characteristically high content of

serine, threonine and proline (ALLEN 1984). In the colon enteric bacteria are capable

of degrading mucin glycoproteins (HOSKINS 1984). As fructose is not a major

component of this glycoprotein, it seems that positive chemotaxis towards fructose

might be not involved in the directed motility towards mucus, but chemotaxis towards

fucose and serine as reported by KENNEDY and YANCEY (1996) might play a role.

However, chemotaxis towards fructose might still be involved in other steps of the

pathogenesis of swine dysentery and should be investigated further.
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E.4. Attempts of mutagenesis of B. hyodysenteriae-specific genes

The best way of studying the role of a specific gene in the pathogenesis of a bacterial

infection process is the mutagenesis of the respective gene and the examination of

the isogenic mutant in an animal infection model. Therefore several attempts of

deleting the identified B. hyodysenteriae-specific genes were performed.

Successful mutagenesis of the genes of B. hyodysenteriae by insertional inactivation

using a kanamycin or chloramphenicol resistance determinants have been reported

(HYATT et al. 1994; ROSEY et al. 1994; ROSEY et al. 1996; STANTON et al. 1999;

TER HUURNE et al. 1992). Mutagenesis of genes encoding the fructose-specific

PTS permeases of enteric and other bacteria have also been sucessful (CRECY-

LAGARD et al. 1991a; FELDHEIM et al. 1990; PRIOR and KORNBERG 1988).

Therefore enzyme IIABCFru is not an essential protein in these bacteria.

Transformation with plasmids containing fruBC and fbaA genes disrupted by a

kanamycin resistance determinant resulted in spontaneously kanamycin-resistant

B. hyodysenteriae. Using a chlorampenicol resistance determinant, the isolation of

B. hyodysenteriae mutants was also not successful. Since control experiments using

nox-gene constructs resulted in the generation of mutants, technical problems were

not likely to be responsible. Therefore the unsuccessful attempts to delete the fruBC

gene in B. hyodysenteriae might be due to polar effects of the deletions onto the fbaA

gene product which is a key enzyme in the Embden-Meyerhof-Parnas pathway of

the catabolic metabolism and is important for energy generation. Further

electroporation experiments with different constructs should be performed for proving

this hypothesis.

E.5. Potential application of the results for the diagnosis of
B. hyodysenteriae infections

The B. hyodysenteriae DNA sequences BH100 and BH400 identified here by RDA,

proved to be species-specific based on the results of Southern blot analyses (Fig.

11). Due to their species-specificity, these sequences could be used in a diagnostic
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approach such as a rapid PCR-based detection of B. hyodysenteriae directly from

fecal samples.

Several sera of a B. hyodysenteriae-infected herd reacted positive with the fusion

protein derived from the bhoA, fruR and fruBC gene, and some sera reacted with

more than one fusion protein (Fig. 9 and Fig. 19). These data indicate an expression

of the proteins identified in vivo and an induction of a host immune reponse to these

antigens. Therefore in future work it needs to be investigated if the immune response

to these antigens is B. hyodysenteriae-specific and whether it can be used for

serological detection of infected herds.
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F. Summary

A Representational Difference Analysis and the identification of a fructose-
specific phosphotransferase system of Brachyspria hyodysenteriae

Anja Rothkamp

Brachyspira (B.) hyodysenteriae is the etiological agent of swine dysentery, a

mucohaemorrhagic diarrhea causing significant economic losses. The pathogenesis

of SD is still not fully understood. The hypothesis initiating this work was that the

B. hyodysenteriae genome, in comparison to the other four Brachyspira species

occuring in swine, possesses species-specific genes which might be responsible for

its unique pathogenic properties.

Based on this hypothesis a Representational Difference Analysis (RDA) was

performed using B. hyodysenteriae B204 as 'tester' and the combined DNA from the

reference strains of the other four Brachyspira species as 'driver'. Two

B. hyodysenteriae-specific DNA fragments designated as BH100 and BH400 were

identified; they hybridized to different locations on the genome of type strain

B. hyodysenteriae B78T and are present in one copy only. Their species-specificity

was confirmed by Southern blot analyses with Brachyspira ssp. reference strains and

field isolates.

One RDA fragment is part of a 2130 bp ORF designated as bhoA (B. hyodysenteriae

orphan protein A). Database search revealed limited homology to sensor

transduction kinases of Dictyostelium discoideum.

Based on the second RDA fragment a putative fructose-specific phosphotransferase

system (PTS) of B. hyodysenteriae was identified consisting of genes encoding a

putative transcriptional repressor (fruR), PTS enzymes IIA (fruA) and IIBC (fruBC),

and fructose-bisphosphate aldolase (fbaA). Nucleotide sequence analysis reavealed

direct repeats between the fruR and fruA genes which might serve as operator, and

inverted repeats downstream of the fbaA gene possibly representing intrinsic

transcriptional terminators. Western blot and Northern blot analyses revealed a
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fructose-induced upregulation of transcription and translation of the PTS genes fruA

and fruBC, respectively, and a constitutive transcription and translation of the fruR

gene. In addition, Northern blot analysis revealed several transcripts reacting with a

fruBC-derived probe indicating a posttranscriptional processing of the polycistronic

mRNA. In combination with the result of a primer extension analysis a negative

regulation of the B. hyodysenteriae-specific PTS with posttranscriptional cleavage of

the mRNA is proposed.

A chemotaxis assay revealed chemotaxis of B. hyodysenteriae towards fructose. As

PTSs are involved in positive chemotaxis towards carbohydrates, the fructose-

specific PTS identified in B. hyodysenteriae might play a role in chemotaxis towards

fructose; a potential role in pathogenesis of SD remains to be investigated.
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G. Zusammenfassung

Repräsentative Differenzanalyse und die Identifizierung eines Fruktose-
spezifischen Phosphotransferase-System von Brachyspira hyodysenteriae

Anja Rothkamp

Brachyspira (B.) hyodysenteriae ist der Erreger der Schweinedysenterie, einer

mukohaemorrhagischen Diarrhoe, die wirtschaftlich bedeutsame Verluste verursacht.

Die Pathogenese der Schweinedysenterie ist nicht vollständig geklärt. Die dieser

Arbeit zugrunde liegende Hypothese war, dass das Genom von B. hyodysenteriae,

im Vergleich zu denen der vier weiteren Brachyspira Spezies im Schwein, Gene

besitzt, die für die spezifischen pathogenen Eigenschaften von B. hyodysenteriae

verantwortlich sein könnten.

Basierend auf dieser Hypothese wurde eine Repräsentative Differenzanalyse (RDA)

mit B. hyodysenteriae B204 als 'Tester' und der gepoolten DNA der Referenzstämme

der anderen vier Brachyspira Spezies als 'Driver' durchgeführt. Zwei

B. hyodysenteriae-spezifische DNA-Fragmente, BH100 und BH400, wurden

identifiziert; beide Fragmente hybridisieren an unterschiedlichen Lokalisationen des

Genoms von Typstamm B. hyodysenteriae B78T und liegen in je einer Kopie vor. Die

Spezies-Spezifität wurde durch Southern Blot Analysen an Referenzstämmen und

Feldisolaten aller vier Brachyspira Spezies bestätigt.

Das erste RDA-Fragment liegt in einem 2130 bp langen ORF, der als bhoA

(B. hyodysenteriae orphan Protein A) benannt wurde. Datenbanksuchen ergaben nur

eine geringe Homologie zu Signaltransduktions-Kinasen von Dictyostelium

discoideum.

Ausgehend von dem zweiten RDA-Fragment wurde ein potentielles Fruktose-

spezifisches Phosphotransferase-System (PTS) von B. hyodysenteriae identifiziert,

bestehend aus den Genen für einen Transkriptionsrepressor (fruR), ein PTS Enzym

IIA (fruA), ein Enzym IIBC (fruBC) und einer Fruktosebiphosphat Aldolase (fbaA). Die

Analyse der DNA-Sequenz zeigte eine direkte Wiederholungssequenz zwischen den



                                                                   Zusammenfassung                                                                   

129

fruR- und fruA–Genen, die möglicherweise als Operator fungiert, und invertierte

Wiederholungssequenzen stromabwärts vom fbaA-Gen, die als intrinsische

Transkriptions-Terminatoren dienen könnten. Western Blot- und Northern Blot-

Analysen zeigten eine Fruktose-induzierte Hochregulation der Transkription und

Translation der PTS-Gene fruA und fruBC und eine konstitutive Transkription und

Translation des fruR-Gens. Zusätzlich zeigte die Northern Blot-Analyse mehrere

Transkripte, die mit einer fruBC-Sonde reagierten, was eine posttranskriptionale

Prozessierung der polycistronischen mRNA vermuten läßt. In Kombination mit dem

Ergebnis einer "primer extension" Analyse wird eine negative Regulierung des

B. hyodysenteriae-spezifischen PTS mit posttranskriptionaler Spaltung der mRNA

postuliert.

Ein Chemotaxis-Versuch zeigte Chemotaxis von B. hyodysenteriae zu Fruktose. Da

Phosphotransferase-Systeme positive Chemotaxis zu Kohlenhydraten vermitteln,

könnte das hier identifizierte Fruktose-spezifische PTS von B. hyodysenteriae eine

Rolle spielen bei der Chemotaxis zu Fruktose; die potentielle Rolle in der

Pathogenese der Schweinedysenterie bleibt zu klären.
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I. Appendix

I.1. Chemicals

Agar OXOID, Wesel
Agarose APPLIGENE, Illkirch, France
Acetic acid ROTH, Karlsruhe
Ammonium persulfate ROTH, Karlsruhe
Ammonium acetate SIGMA, Deisen
Ampicillin SIGMA, Deisenhofen

γ-32P-ATP NEN, Boston, MA, U.S.A.
α32P-dATP NEN, Boston, MA, U.S.A.

Bacto Tryptone DIFCO, Augsburg
BCIP (5-bromo-4-chloro-3-indolyl phosphate) SIGMA, Deisenhofen

BHI agar DIFCO, Augsburg
BHI broth DIFCO, Augsburg
Bisacrylamide SERVA, Heidelberg
Boric acid SIGMA, Deisenhofen
Bovine defibrinated blood WDT, Hoyerhagen
Bovine serum WDT, Hoyerhagen
Bovine serum albumin (BSA) NEW ENGLAND BIOLABS, Schwalbach
Bromphenol blue SIGMA, Deisenhofen
Calf serum, heat inactivated PAA LABORATORIES GmbH, Cölbe
Chloramphenicol SIGMA, Deisenhofen
Chloroform ROTH, Karlsruhe
Columbia agar Oxoid, Wesel

Coomassie brilliant blue SIGMA, Deisenhofen
α-32P-dCTP NEN, Boston, MA, U.S.A.
L-Cysteine hydrochloride monohydrate SIGMA, Deisenhofen
2´-deoxynucleotide 5´-triphosphate (dNTP) ROTH, Karlsruhe
di-sodium hydrogen phosphate SIGMA, Deisenhofen
Dimethylsulfoxide (DMSO) ROTH, Karlsruhe
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Ethanol Elch-Apotheke, Hannover
Ethidium bromide SIGMA, Deisenhofen
Ethylene diamine tetraacetic acid (EDTA) SIGMA, Deisenhofen
Formamid SERVA, Heidelberg
D (-) Fructose ROTH, Karlsruhe
D (+) glucose monohydrate MERCK, Darmstadt
Glycerine ROTH, Karlsruhe
Glyoxal SIGMA, Deisenhofen
Hydrochloric acid ROTH, Karlsruhe
IPTG (Isopropyl-β-D-thiogalactosid) ROTH, Karlsruhe
Isoamyl alcohol MERCK, Darmstadt
Isopropanol ROTH, Karlsruhe
Kanamycin SIGMA, Deisenhofen
Lactose MERCK, Darmstadt
D-Mannitol MERCK, Darmstadt
D-Mannose SERVA, Heidelberg
Methanol ROTH, Karlsruhe
Mineral oil SIGMA, Deisenhofen
MOPS ROTH, Karlsruhe
N, N, N´, N´-Tetramethylenediamine (TEMED) SIGMA, Deisenhofen
NBT (nitroblue tetrazolium) ROTH, Karlsruhe
Polyethylene glycol 6000 (PEG 6000) MERCK, Darmstadt
Phenol (Aqua- Roti®-Phenol, water equilibrated ROTH, Karlsruhe
Phenol (Roti®-Phenol, TE equilibrated) ROTH, Karlsruhe
Phenyl-methyl-sulfonyl-fluoride (PMSF) SERVA, Heidelberg
Potassium acetate SIGMA, Deisenhofen
Resazurine EGA CHEMIE, Steinheim
Ribonucleotide 5'-triphosphate ROTH, Karlsruhe
Sucrose MERCK, Darmstadt
Sarcosyl (N-lauryl-sarcosine) SIGMA, Deisenhofen
L-Serine SIGMA, Deisenhofen
Sodium acetate SIGMA, Deisenhofen
Sodium chloride SIGMA, Deisenhofen
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di Sodium hydrogen phosphate (Na2HPO4) ROTH, Karlsruhe
Sodium dodecyl sulfate (SDS) SIGMA, Deisenhofen
D-Sorbitol MERCK, Darmstadt
Tris (Hydroxymethyl aminomethane) SIGMA, Deisenhofen
Trypticase soy broth BBL BECTON DICKINSON, Cockeysville, USA
Tween 20 ROTH, Karlsruhe
Urea ROTH, Karlsruhe
α32P-rUTP NEN, Boston, MA, U.S.A.
X-Gal (5-bromo-4-chloro-3-indolyl-galactosid) SIGMA, Deisenhofen
Xylene cyanol SIGMA, Deisenhofen
Xylitol SIGMA, Deisenhofen
Yeast extract ROTH, Karlsruhe

I.2. Buffers and solutions

Agarose gel electrophoresis (C.5)

TE: 10 mM Tris (pH 8.0), 1 mM EDTA

10 x TBE: 1 M Tris-borate, 10 mM EDTA (pH 8.0)

50 x TAE: 242 g Tris, 57.1 ml acetic acid, 100 ml 0.5 M

EDTA (pH 8.0), A. dest. ad 1000 ml

6 x DNA loading buffer: 0.25% [w/v] bromphenol blue, 0.25% [w/v]

xylene cyanol, 30% [v/v] glycerin
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Labeling of nucleic acid probes with 32P-dCTP (C.5.9.3)

OLB solution: 100 µl solution A, 250 µl solution B,

150 µl solution C

Solution O: 625 µl 2 M Tris-HCl (pH 8), 125 µl 1M MgCl,

250 µl A. bidest.

Solution A: 1 ml solution O, 18 µl mercaptoethanol, 5 µl

100 mM dTTP, 5 µl 100 mM dGTP, 5 µl 100

mM dATP

Solution B: 2 M HEPES (pH 6.6)

Solution C: random hexa-desoxynucleotides in TE buffer

(Amersham Pharmacia)

Stop solution: 20 mM NaCl, 20 mM Tris-HCl (pH 7.5), 2 mM

EDTA [pH 8], 0.25% [w/v] SDS

Northern hybridization (C.5.9.2, C.5.9.6)
Agarose gel: 1.4 g agarose, 90 ml 10 mM Na2HPO4 (pH 6.9)

Running buffer: 10 mM Na2HPO4 (pH 6.9)

RNA denaturating mix: 21.6 % (v/v) glyoxal, 75.4 % (v/v) DMSO,

15 mM Na2HPO4 (pH 6.9)

10 x RNA loading buffer: 15 mM Na2HPO4 (pH 6.9), 50 % glycerine (v/v),

0.4 % (w/v) bromphenol blue

Hybridizing solution: 0.5 M Na2HPO4 (pH 7.2), 7 % SDS,

1 mM EDTA

Wash solution I: 40 mM Na2HPO4 (pH 7.2), 5 % SDS,

1 mM EDTA

Wash solution II: 40 mM Na2HPO4 (pH 7.2), 1 % SDS,

1 mM EDTA
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Pulsed field gel electrophoresis (C.5.7)
PET IV buffer: 1 M NaCl, 10 mM Tris-HCl (pH 8.0), 10mM

EDTA

Lysis buffer: 1 M NaCl, 10 mM Tris-HCl (pH 8), 0.2 M EDTA,

0.5% N-laurylsarcosine, 0.2% deoxycholate,

2 µg/ml RNase, 1 mg/ml lysozyme

EPS buffer: 0.5 M EDTA, 1% laurylsarcosine, 1 mg/ml

proteinase K

TE-PMSF: 1.5 mM PMSF in TE buffer

PMSF: 17 mg phenylmethylsulfonyl fluoride per

ml isopropanol

Plasmid preparation by alkaline lysis (C.5.3.1)
Solution I: 50 mM Tris (pH 8.0), 10 mM EDTA (pH 8.0),

100 µg/ ml RNase

Solution II: 0.2 M NaOH, 1% [w/v] SDS

Solution III: 3.2 M potassium acetate (pH 5.5)

Protein aggregate preparation (C.6.1)
2 x RIPA: 20 mM Tris-HCl (pH7.4), 300 mM NaCl,

2% [w/v] desoxycholic acid,

2% [v/v] Tergitol (NP40)

TET: 100 mM Tris (pH8.0), 50 mM EDTA (pH 8.0),

2% [v/v] Triton X-100
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RNA isolation (C.5.4)
Agarose gel: 0.5 g agarose, 40.4 ml A. bidest, 5 ml 10 x

MOPS buffer, 10 ml formaldehyde (37% [v/v])

10 x MOPS buffer pH 7.0: 0.4 M MOPS, 100 mM sodium acetate,

10 mM EDTA

Sample buffer: 80% formamide, 0.01 M EDTA (pH 8.0)

1 mg/ml bromphenol blue,

1 mg/ml xylene cyanol

RNA probes (C.5.9.4)
Urea-acrylamid gel: 1.5 ml 10 x TBE, 7.2 g Urea,

2.5 ml Acrylamid (30%), 3 ml A. dest.,

16 µl TEMED, 120 µl 10% APS

Sample buffer: 500 µl glycerine, 500 µl 10 x MOPS buffer,

800 µl formaldehyde (37 %[v/v]), 2.5 ml

formamide, 10 mg bromphenol blue, 10 mg

xylene cyanol

SDS-PAGE (C.6.3)
Acrylamide stock solution: 30% acrylamide, 0.8% bisacrylamide in

A. bidest.

Ammonium persulfate: 10% solution

10.9% separating gel: 3.9 ml A. bidest., 2.5 ml 1.5M Tris-HCl (pH 8.8),

100 µl SDS (10%), 3.8 ml acrylamide stock

solution, 10 µl TEMED, 100 µl ammonium

persulfate [10%]

3.9% stacking gel: 3.05 ml A. bidest., 1.25 ml 0.5 M Tris-HCl

(pH6.8), 50 µl SDS [10%], 10 µl TEMED,

50 µl ammonium persulfate [10%]

10 x SDS-PAGE running buffer: 0.25 M Tris, 2 M Glycine, 1% SDS
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Coomassie blue staining solution: 1.25 g Coomassie brilliant blue R250,

225 ml methanol, 50 ml glacial acetic acid,

225 ml A. bidest.

Destaining solution: 300 ml methanol, 100 ml glacial acetic acid,

600 ml A. bidest.

Sequencing (C.5.8.3.2)
8%-Urea-Acrylamid-gel: 21 g Urea, 4 g acrylamid, 0.17 g bisacrylamid,

2.5 ml 10 x TBE, 30 ml A. bidest.,

30 mg ammonium persulfate, 35 µl TEMED

Running buffer: 0.5 x TBE

Southern Blotting (C.5.9.1)
Denaturing solution: 1.5 M NaCl, 0.5 M NaOH

Neutralizing solution: 1.5 M NaCl, 0.5 M Tris (pH 8.0)

20 x standard saline citrate (SSC): 3 M NaCl, 0.3 M trisodium acetate

Hybridizing solution: 6 x SSC, 0.5% SDS, 5 x Denhardt's solution

50 x Denhardt's solution: 1% [w/v] polyvinylpyrrolidone, 1% [w/v]

Ficoll 400, 1% [w/v] BSA; in A. bidest.

Wash solution: 3 x SSC, 0.5% SDS or 1 x SSC, 0.5% SDS
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Western blotting (C.6.6.1, C.6.6.3)
Transfer buffer I: 24 mM Tris-HCl (pH 8.0), 110 mM glycin, 20%

[v/v] methanol

Transfer buffer II: 25 mM Tris-base, 192 mM glycin, 10% [v/v]

methanol

Blocking buffer: 10 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.5%

[v/v] Tween® 20, 0.5% [v/v] gelatin

10 x wash buffer: 0.1 M Tris-HCl (pH 8.0), 1.5 M NaCl, 0.5% [v/v]

Tween®20

Substrate buffer: 0.1 M Tris-HCl, 1 M NaCl, 5 mM MgCl

BCIP: 5 mg/ml 5-bromo-4-chloro-3-indolyl phosphate

in dimethylformamide

NBT: 10 mg/ml nitroblue tetrazolium in 70% [w/v]

dimethylformamide
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I.3. Continuous gene sequence of the fragments BH100, BH104
and BH106

GenBank accession no. AY074796

EcoRV
|

GATATCAGGATTCAGCTCTTTTATTTTTTTTGCTAATAAGGCACCTTGAATGTCGCCAGA
1 ---------+---------+---------+---------+---------+---------+ 60
CTATAGTCCTAAGTCGAGAAAATAAAAAAAACGATTATTCCGTGGAACTTACAGCGGTCT

TACTTCGCCTGTAGCTATAAATATTCTCATAATTTATTTATTTTATACCGTTTTTCTAGG
61 ---------+---------+---------+---------+---------+---------+ 120

ATGAAGCGGACATCGATATTTATAAGAGTATTAAATAAATAAAATATGGCAAAAAGATCC

AGTTATTCCTCTTCTAGCTTTGGATATAAACTCTACAACATCTCTAGCTATAGGATTTAA
121 ---------+---------+---------+---------+---------+---------+ 180

TCAATAAGGAGAAGATCGAAACCTATATTTGAGATGTTGTAGAGATCGATATCCTAAATT

TGAATTATCATTTAAATATCTATCTAAAAATTCTTGTTTTGTTTTATTCCAATTATACCA
181 ---------+---------+---------+---------+---------+---------+ 240

ACTTAATAGTAAATTTATAGATAGATTTTTAAGAACAAAACAAAATAAGGTTAATATGGT
|

CATATCATAAGCTTCTTCAGCCTGAGATATTTGTTCAGATGTAAATCCTGCTCTTCTCAT
241 ---------+---------+---------+---------+---------+---------+ 300

GTATAGTATTCGAAGAAGTCGGACTCTATAAACAAGTCTACATTTAGGACGAGAAGAGTA

ACCGACTAAATTTAGTTTATAAACTATAGCTTCTCCTGCATGAGCTGTTAGAGCAAATGG
301 ---------+---------+---------+---------+---------+---------+ 360

TGGCTGATTTAAATCAAATATTTGATATCGAAGAGGACGTACTCGACAATCTCGTTTACC

AAGTATATCTCTTCCTACAGCTGACATACCGCTTATCATAGCATATTGACCTATAGCACA
361 ---------+---------+---------+---------+---------+---------+ 420

TTCATATAGAGAAGGATGTCGACTGTATGGCGAATAGTATCGTATAACTGGATATCGTGT

AAATTGATGCACTACACAGTTTCCTGATATAAAAGCACCTTTTTCTACTCTTACATGTCC
421 ---------+---------+---------+---------+---------+---------+ 480

TTTAACTACGTGATGTGTCAAAGGACTATATTTTCGTGGAAAAAGATGAGAATGTACAGG

TGCTACTAAAGCACCATTACATATTATAACATTATCATGTATTTCGCAGTCATGAGCCAC
481 ---------+---------+---------+---------+---------+---------+ 540

ACGATGATTTCGTGGTAATGTATAATATTGTAATAGTACATAAAGCGTCAGTACTCGGTG

ATGTCCTGTAGCCATTATATAACAGTTATTTTTTATAATAGTTTTAGCATTTTCTTTAGA
541 ---------+---------+---------+---------+---------+---------+ 600

TACAGGACATCGGTAATATATTGTCAATAAAAAATATTATCAAAATCGTAAAAGAAATCT

TGCTCTATGAAGATTAGCAAATTCTCTAATCTCATTTCCATCGCCTATTTCTAAAAAACT
601 ---------+---------+---------+---------+---------+---------+ 660

ACGAGATACTTCTAATCGTTTAAGAGATTAGAGTAAAGGTAGCGGATAAAGATTTTTTGA

TACTGTTTTTCTATCGAAATGTATATCTTGAGGAAGATTTCCTAAAACAGCATGATCATT
661 ---------+---------+---------+---------+---------+---------+ 720

ATGACAAAAAGATAGCTTTACATATAGAACTCCTTCTAAAGGATTTTGTCGTACTAGTAA

TATTATATTATTTTTACCTATTGTTGTATATTCCTTAATTACAGAATGTGCTCCTATAGT
721 ---------+---------+---------+---------+---------+---------+ 780

ATAATATAATAAAAATGGATAACAACATATAAGGAATTAATGTCTTACACGAGGATATCA

AGTGTTTTCACCTATACTAACTTCACCTTCTATAATAGCATAAGGACCAATTTCTGCATT
781 ---------+---------+---------+---------+---------+---------+ 840

TCACAAAAGTGGATATGATTGAAGTGGAAGATATTATCGTATTCCTGGTTAAAGACGTAA
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ATCTGCAATTTTAGCAGAATCAGAAATTATAGCAGTTGGATGTATATTACTTGGCATTTT
841 ---------+---------+---------+---------+---------+---------+ 900

TAGACGTTAAAATCGTCTTAGTCTTTAATATCGTCAACCTACATATAATGAACCGTAAAA

ATTTCCTATTTTTATTATTTTTCAATTTTCATTGCTTCTTTATCTACTAAAAATAAACCT
901 ---------+---------+---------+---------+---------+---------+ 960

TAAAGGATAAAAATAATAAAAAGTTAAAAGTAACGAAGAAATAGATGATTTTTATTTGGA

AAATCGCCTGAGCAAGCTAATTTATCATTAACTTTTACTTCTCCATGAGTTTTAAGTAAG
961 ---------+---------+---------+---------+---------+---------+ 1020

TTTAGCGGACTCGTTCGATTAAATAGTAATTGAAAATGAAGAGGTACTCAAAATTCATTC

TTATTGCTGAAAGCTTCAACAGTAACAAACATATCCATAACATCTCCTGGTATTACAGGA
1021 ---------+---------+---------+---------+---------+---------+ 1080

AATAACGACTTTCGAAGTTGTCATTGTTTGTATAGGTATTGTAGAGGACCATAATGTCCT

TTTTTGAATTTAACATTATCTATTTTAGCAAAGAACATAAATTTTTTACCATATTCATCA
1081 ---------+---------+---------+---------+---------+---------+ 1140

AAAAACTTAAATTGTAATAGATAAAATCGTTTCTTGTATTTAAAAAATGGTATAAGTAGT

GGCTTTAAAATTTTTGTATAGCAGTATATACCAGAAGTTTGAGCCAATGCTTCTATCATT
1141 ---------+---------+---------+---------+---------+---------+ 1200

CCGAAATTTTAAAAACATATCGTCATATATGGTCTTCAAACTCGGTTACGAAGATAGTAA

AAAACACCAGGCATAATAGGACTTTGCGGGAAATGTCCTGTAAACTGAGGTTCATTAAAA
1201 ---------+---------+---------+---------+---------+---------+ 1260

TTTTGTGGTCCGTATTATCCTGAAACGCCCTTTACAGGACATTTGACTCCAAGTAATTTT

GTTACATTTTTTACAGCATGTATTTTTCCTTCTTCGATACTTTCTATTTATCTACAAGCA
1261 ---------+---------+---------+---------+---------+---------+ 1320

CAATGTAAAAAATGTCGTACATAAAAAGGAAGAAGCTATGAAAGATAAATAGATGTTCGT

GAAAAGGGTATCTATGAGGCAATAATTCCATTATTTTATTTATATTAATTTTTTCCATTC
1321 ---------+---------+---------+---------+---------+---------+ 1380

CTTTTCCCATAGATACTCCGTTATTAAGGTAATAAAATAAATATAATTAAAAAAGGTAAG

TAATGAATCCTTAAAAAAGTATATTACATAATTTACAAGTATACCATATAATAGTAAAGT
1381 ---------+---------+---------+---------+---------+---------+ 1440

ATTACTTAGGAATTTTTTCATATAATGTATTAAATGTTCATATGGTATATTATCATTTCA

TACAAGCATAAAAATAAGTTTAAAATGTTCGAAATTGATAGCTTTTTACGTGATTAATAA
1441 ---------+---------+---------+---------+---------+---------+ 1500

ATGTTCGTATTTTTATTCAAATTTTACAAGCTTTAACTATCGAAAAATGCACTAATTATT

AAAATATTACTAAAATATTGTATATTTTATAGTTTTTTATTGATATAGCTATGTAAATTA
1501 ---------+---------+---------+---------+---------+---------+ 1560

TTTTATAATGATTTTATAACATATAAAATATCAAAAAATAACTATATCGATACATTTAAT

TGAAAAATATTTATTAGTTTTATATGTAAAAAACAAAAGTAATATAATATTAAAAATAAA
1561 ---------+---------+---------+---------+---------+---------+ 1620

ACTTTTTATAAATAATCAAAATATACATTTTTTGTTTTCATTATATTATAATTTTTATTT

GCATGTAATTTTTTAGAAAATTATTTGACTTATTAAAAAATGTTTATATAATATACATAT
1621 ---------+---------+---------+---------+---------+---------+ 1680

CGTACATTAAAAAATCTTTTAATAAACTGAATAATTTTTTACAAATATATTATATGTATA

ATCATATCTGCGTATTTAGTCTCGCAGTTTGTTTATTATTTTTTTGATTATGTTTTTAAG
1681 ---------+---------+---------+---------+---------+---------+ 1740

TAGTATAGACGCATAAATCAGAGCGTCAAACAAATAATAAAAAAACTAATACAAAAATTC

CTTTTTGCTTTAAAAACATGTTTTTGGAATTAAATATAATTATTTAATTCTGGTTATTTT
1741 ---------+---------+---------+---------+---------+---------+ 1800

GAAAAACGAAATTTTTGTACAAAAACCTTAATTTATATTAATAAATTAAGACCAATAAAA

TTAATTTTTTTAATAAAAAAATAATAATCTAAACTTTAAGGAGGCTAAGTATATCTAATA
1801 ---------+---------+---------+---------+---------+---------+ 1860

AATTAAAAAAATTATTTTTTTATTATTAGATTTGAAATTCCTCCGATTCATATAGATTAT

AAAAATCTTGATTATCTTTTTAATACTTTTAAAATTTATTATTGTTTATGTATATTTAAA
1861 ---------+---------+---------+---------+---------+---------+ 1920

TTTTTAGAACTAATAGAAAAATTATGAAAATTTTAAATAATAACAAATACATATAAATTT
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ATATATACATAGATATTTTACATTATTAGTATAATATTTTTATTAAAAATTAATTTTTTA
1921 ---------+---------+---------+---------+---------+---------+ 1980

TATATATGTATCTATAAAATGTAATAATCATATTATAAAAATAATTTTTAATTAAAAAAT

TAGTTTTTTTAATAATTTATTAATATAATACTTGATATATTTTGTAAATATGCTATTATT
1981 ---------+---------+---------+---------+---------+---------+ 2040

ATCAAAAAAATTATTAAATAATTATATTATGAACTATATAAAACATTTATACGATAATAA

ATAATTGTAAGATAAAAATATTTTAGCTGTTGCTAAAGTTTTTAAGAATATCATTTTTAT
2041 ---------+---------+---------+---------+---------+---------+ 2100

TATTAACATTCTATTTTTATAAAATCGACAACGATTTCAAAAATTCTTATAGTAAAAATA

ATGATTGTGTTTCTATTTGAATCTAATAGAAACAGTGTTTGTAATTAAGTTCTCTTAATT
2101 ---------+---------+---------+---------+---------+---------+ 2160

TACTAACACAAAGATAAACTTAGATTATCTTTGTCACAAACATTAATTCAAGAGAATTAA

ATGGTTTTACAGATATTTTTAATAAACTTAAAGGAGCTAAATATGCCTATTAACTTTTTT
2161 ---------+---------+---------+---------+---------+---------+ 2220

TACCAAAATGTCTATAAAAATTATTTGAATTTCCTCGATTTATACGGATAATTGAAAAAA

TCTAACAAAAGTAATCTTAATACTGTTCACTATATAGTGAGTAATCTATTACCTTATGAT
2221 ---------+---------+---------+---------+---------+---------+ 2280

AGATTGTTTTCATTAGAATTATGACAAGTGATATATCACTCATTAGATAATGGAATACTA

GATAGTATTTCTCATATAATTAGAGTGAATAAGAATATCAAGAAGTATCATTTTAAAAAA
2281 ---------+---------+---------+---------+---------+---------+ 2340

CTATCATAAAGAGTATATTAATCTCACTTATTCTTATAGTTCTTCATAGTAAAATTTTTT

TCAAAAAAGAAAATTAATTACCGTTCTGAAAAATTTGGTAATCATATTAAGCTGATTTCT
2341 ---------+---------+---------+---------+---------+---------+ 2400

AGTTTTTTCTTTTAATTAATGGCAAGACTTTTTAAACCATTAGTATAATTCGACTAAAGA

TAATCTATATAAATTATTAAGACACTGACTAAAAAATATAATTTATAAAAATCAATTAAG
2401 ---------+---------+---------+---------+---------+---------+ 2460

ATTAGATATATTTAATAATTCTGTGACTGATTTTTTATATTAAATATTTTTAGTTAATTC

AATAGGAGTTTAATATGTTTGCAAATATCATTAGTATTTTGATACCTATTATTACAGTAA
2461 ---------+---------+---------+---------+---------+---------+ 2520

TTATCCTCAAATTATACAAACGTTTATAGTAATCATAAAACTATGGATAATAATGTCATT

AAATAATTACTGAAATTGTGAAAAAGCGTTGATGTAAAAATAGGAGGGTGCTATCAAATA
2521 ---------+---------+---------+---------+---------+---------+ 2580

TTTATTAATGACTTTAACACTTTTTCGCAACTACATTTTTATCCTCCCACGATAGTTTAT

AGCAGTTAATATTTTTTAATTATTTGTGTACTGTATTTTATATAAATGCAGTTTTGTATT
2581 ---------+---------+---------+---------+---------+---------+ 2640

TCGTCAATTATAAAAAATTAATAAACACATGACATAAAATATATTTACGTCAAAACATAA

GGGCAATATGTTAAAGGAGTAATATATGTACAAACAAAATAATCATTATAAAAAAGACAA
2641 ---------+---------+---------+---------+---------+---------+ 2700

CCCGTTATACAATTTCCTCATTATATACATGTTTGTTTTATTAGTAATATTTTTTCTGTT

TAATAAAGGCATTTCAAAAAATAAGAGGAGTAAAATAAAAATGTCAGGCAATAATTTAAA
2701 ---------+---------+---------+---------+---------+---------+ 2760

ATTATTTCCGTAAAGTTTTTTATTCTCCTCATTTTATTTTTACAGTCCGTTATTAAATTT

TAATAATATTTCTAATAAGTCTATTAATTTAGAAAGAAGTATTCAATATAGTGAGCATCT
2761 ---------+---------+---------+---------+---------+---------+ 2820

ATTATTATAAAGATTATTCAGATAATTAAATCTTTCTTCATAAGTTATATCACTCGTAGA

TGTTAATTTAGATAAGGCTATGAATGATTATATGAAGTATTTAGAAAAAATTGCATCTTC
2821 ---------+---------+---------+---------+---------+---------+ 2880

ACAATTAAATCTATTCCGATACTTACTAATATACTTCATAAATCTTTTTTAACGTAGAAG

AAGGAAAAATATTCAAATTACTACTAGACGTATTTCAGATAAGTATATTGAAGAATTATA
2881 ---------+---------+---------+---------+---------+---------+ 2940

TTCCTTTTTATAAGTTTAATGATGATCTGCATAAAGTCTATTCATATAACTTCTTAATAT

TAATAATGAAAATGCCGTTATAGGCGCTATAGAATGTAAAGAATATCAGACAAGATCGGA
2941 ---------+---------+---------+---------+---------+---------+ 3000

ATTATTACTTTTACGGCAATATCCGCGATATCTTACATTTCTTATAGTCTGTTCTAGCCT
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ATCAACCAAAACAGCAGTACAAGAATCAGATGTAATAGTTAGAAATACTGATACAGAAAT
3001 ---------+---------+---------+---------+---------+---------+ 3060

TAGTTGGTTTTGTCGTCATGTTCTTAGTCTACATTATCAATCTTTATGACTATGTCTTTA

AAAATATCAGATAAAAATTGATGGATTACTAAAGCCTAATACAGAAGCAGTTGAAAAAAA
3061 ---------+---------+---------+---------+---------+---------+ 3120

TTTTATAGTCTATTTTTAACTACCTAATGATTTCGGATTATGTCTTCGTCAACTTTTTTT

ATACTTTGGCGATAAAAAAATAGTTTCTGAAAAAATCCAGAAGAAGTAAAATCTGTAGTT
3121 ---------+---------+---------+---------+---------+---------+ 3180

TATGAAACCGCTATTTTTTTATCAAAGACTTTTTTAGGTCTTCTTCATTTTAGACATCAA

TCTAAAAAGAAAAATACAGATACAAAAGATAATAAATATACAGCATACATATTATCAAGT
3181 ---------+---------+---------+---------+---------+---------+ 3240

AGATTTTTCTTTTTATGTCTATGTTTTCTATTATTTATATGTCGTATGTATAATAGTTCA

AAAGATGCTATAGAATAATGCCTTAAAATTTCAGTTAATGGAAATGTTAGGAGGTTACCA
3241 ---------+---------+---------+---------+---------+---------+ 3300

TTTCTACGATATCTTATTACGGAATTTTAAAGTCAATTACCTTTACAATCCTCCAATGGT

TCAAATAAGCAGTTAATATCTTTTAGTTATTTAGGTACTGTATTTTAGAATTTTTTAAAA
3301 ---------+---------+---------+---------+---------+---------+ 3360

AGTTTATTCGTCAATTATAGAAAATCAATAAATCCATGACATAAAATCTTAAAAAATTTT

TACATATTAGTTTAAGAAATATATTAAAGGAGTAATATATGTACAATCAAGATAATAATC
3361 ---------+---------+---------+---------+---------+---------+ 3420

ATGTATAATCAAATTCTTTATATAATTTCCTCATTATATACATGTTAGTTCTATTATTAG

c M Y N Q D N N H -

ATTACGGAAAAAATAATCACCATATAGGTAGAAATCATAAAAATAGAAAAAATAATAAAA
3421 ---------+---------+---------+---------+---------+---------+ 3480

TAATGCCTTTTTTATTAGTGGTATATCCATCTTTAGTATTTTTATCTTTTTTATTATTTT

c Y G K N N H H I G R N H K N R K N N K N -

ACAGGAAGAATAATATAAAAAATAATAATGCGTTTAAAAATGAATATATCAAAGTTGAAA
3481 ---------+---------+---------+---------+---------+---------+ 3540

TGTCCTTCTTATTATATTTTTTATTATTACGCAAATTTTTACTTATATAGTTTCAACTTT

c R K N N I K N N N A F K N E Y I K V E N -

ATTTTGATCTAAACACTAATTTAAAAGATGGTATTATAGAAGATAGTGCTGTTCATAAAG
3541 ---------+---------+---------+---------+---------+---------+ 3600

TAAAACTAGATTTGTGATTAAATTTTCTACCATAATATCTTCTATCACGACAAGTATTTC

c F D L N T N L K D G I I E D S A V H K D -

ATATTTCTAGTAATATGGCTGATTCCATTGGCTTAGGAAGAAGTGTGAAATATCATAATC
3601 ---------+---------+---------+---------+---------+---------+ 3660

TATAAAGATCATTATACCGACTAAGGTAACCGAATCCTTCTTCACACTTTATAGTATTAG

c I S S N M A D S I G L G R S V K Y H N H -

ATCGTAATAATTTAAGTAAAGCTGTGAATAATTATCCTGATGCTTTAAAGAAAGTTTCAG
3661 ---------+---------+---------+---------+---------+---------+ 3720

TAGCATTATTAAATTCATTTCGACACTTATTAATAGGACTACGAAATTTCTTTCAAAGTC

c R N N L S K A V N N Y P D A L K K V S D -

ATTCAAGAAAAAATATGAATCCAAAACAACGCATAGGATATATAGATGAAGTTAATTTAA
3721 ---------+---------+---------+---------+---------+---------+ 3780

TAAGTTCTTTTTTATACTTAGGTTTTGTTGCGTATCCTATATATCTACTTCAATTAAATT

c S R K N M N P K Q R I G Y I D E V N L T -

CTGAATCATATAATATCAATGCAGCTGAACAATGCAGAGAATATGAAACACATGCAAGAT
3781 ---------+---------+---------+---------+---------+---------+ 3840

GACTTAGTATATTATAGTTACGTCGACTTGTTACGTCTCTTATACTTTGTGTACGTTCTA

c E S Y N I N A A E Q C R E Y E T H A R L -
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TAACTAAACCAGGAGATCCTGAAGCAGATATTATAGTTAGTGATTGTAATACAGAGACAA
3841 ---------+---------+---------+---------+---------+---------+ 3900

ATTGATTTGGTCCTCTAGGACTTCGTCTATAATATCAATCACTAACATTATGTCTCTGTT

c T K P G D P E A D I I V S D C N T E T K -

AATATCAAGTAAAAGATAATAAAAAGCCGGAAGTTGGGGTAGAAGAAATTTCTAAAATAA
3901 ---------+---------+---------+---------+---------+---------+ 3960

TTATAGTTCATTTTCTATTATTTTTCGGCCTTCAACCCCATCTTCTTTAAAGATTTTATT

c Y Q V K D N K K P E V G V E E I S K I R -

GATATTCAGGTAAAGCCGGCTCAAATAAAAAGATAGTTCCTCGAGAAAATCTTGATAAAG
3961 ---------+---------+---------+---------+---------+---------+ 4020

CTATAAGTCCATTTCGGCCGAGTTTATTTTTCTATCAAGGAGCTCTTTTAGAACTATTTC

c Y S G K A G S N K K I V P R E N L D K V -

TAAAAGAAATAGCTTCTAAAAAACAAAATACTGATACAAAAGATTATAAACATACAGCAG
4021 ---------+---------+---------+---------+---------+---------+ 4080

ATTTTCTTTATCGAAGATTTTTTGTTTTATGACTATGTTTTCTAATATTTGTATGTCGTC

c K E I A S K K Q N T D T K D Y K H T A E -

AAAATACATACGACAGGTTATCAAGTAAAGATGGTAAAGTTAATAGTGAAAGATTAAATA
4081 ---------+---------+---------+---------+---------+---------+ 4140

TTTTATGTATGCTGTCCAATAGTTCATTTCTACCATTTCAATTATCACTTTCTAATTTAT

c N T Y D R L S S K D G K V N S E R L N R -

GAAATGAAAGTGAAGAGATTACAAGAAGATTAGAAAATGGAGAAAGGGTAGAAGTAAAAA
4141 ---------+---------+---------+---------+---------+---------+ 4200

CTTTACTTTCACTTCTCTAATGTTCTTCTAATCTTTTACCTCTTTCCCATCTTCATTTTT

c N E S E E I T R R L E N G E R V E V K N -

ATAAAGAAGCAAAATTTAGATCTCAGTATTTGAATCAGCTTCCTAAAGCTATGATATGCG
4201 ---------+---------+---------+---------+---------+---------+ 4260

TATTTCTTCGTTTTAAATCTAGAGTCATAAACTTAGTCGAAGGATTTCGATACTATACGC

c K E A K F R S Q Y L N Q L P K A M I C G -

GAGGATTATTGTCAGGTGCAAGCGAAGCCATAAGTAAATTTGCCCAATTCATATCAGATG
4261 ---------+---------+---------+---------+---------+---------+ 4320

CTCCTAATAACAGTCCACGTTCGCTTCGGTATTCATTTAAACGGGTTAAGTATAGTCTAC

c G L L S G A S E A I S K F A Q F I S D G -

GTGGCAATTGGACTGAAGAGGAGTTTATTGAGGCAGGATATAAAATTCTTACTTCTGGTA
4321 ---------+---------+---------+---------+---------+---------+ 4380

CACCGTTAACCTGACTTCTCCTCAAATAACTCCGTCCTATATTTTAAGAATGAAGACCAT

c G N W T E E E F I E A G Y K I L T S G I -

TTGAAGGCGGAGCAAAAAGCGGATTAGCTGTAACTTTTACTTATCTAGGAAATGAAATAG
4381 ---------+---------+---------+---------+---------+---------+ 4440

AACTTCCGCCTCGTTTTTCGCCTAATCGACATTGAAAATGAATAGATCCTTTACTTTATC

c E G G A K S G L A V T F T Y L G N E I G -

GTTCATCTTTACTTAAAAGTCCTTATGTAGGCGGAACTTTGGCTATGATGACAATAGATA
4441 ---------+---------+---------+---------+---------+---------+ 4500

CAAGTAGAAATGAATTTTCAGGAATACATCCGCCTTGAAACCGATACTACTGTTATCTAT

c S S L L K S P Y V G G T L A M M T I D T -

CATTAAAAAGTATGTACAGATTTATTATAGGTGAAATAGACAGTGTTGAGTTAATGGGAG
4501 ---------+---------+---------+---------+---------+---------+ 4560

GTAATTTTTCATACATGTCTAAATAATATCCACTTTATCTGTCACAACTCAATTACCCTC

c L K S M Y R F I I G E I D S V E L M G E -
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AAGTGTATCAGAATTTTATTTATACAACATCAGCTTCATTAGGTGGATGGGGAGGAAGTA
4561 ---------+---------+---------+---------+---------+---------+ 4620

TTCACATAGTCTTAAAATAAATATGTTGTAGTCGAAGTAATCCACCTACCCCTCCTTCAT

c V Y Q N F I Y T T S A S L G G W G G S T -

CATTAGCTGGAGTTATAGTTTCTAATATGTCTATAAGCGGAGCTTCTGCAGCTGCTGTAG
4621 ---------+---------+---------+---------+---------+---------+ 4680

GTAATCGACCTCAATATCAAAGATTATACAGATATTCGCCTCGAAGACGTCGACGACATC

c L A G V I V S N M S I S G A S A A A V G -

GTGCTTGGGCAAGTATAGTTGGATCTGTTTTAGGAGGATTAGCCGTTGGAATTACAGTAT
4681 ---------+---------+---------+---------+---------+---------+ 4740

CACGAACCCGTTCATATCAACCTAGACAAAATCCTCCTAATCGGCAACCTTAATGTCATA

c A W A S I V G S V L G G L A V G I T V S -

CTTATATTGTATCAAAAGATAGTCAGGCAGGATTAGAAATAGCAAAAAGAGATATAGAGA
4741 ---------+---------+---------+---------+---------+---------+ 4800

GAATATAACATAGTTTTCTATCAGTCCGTCCTAATCTTTATCGTTTTTCTCTATATCTCT

c Y I V S K D S Q A G L E I A K R D I E T -

CTGCTTATCAGAATTTTGATAAAGACCGTAATTTATATTCTTTAGTAGATGGAGTAGGTA
4801 ---------+---------+---------+---------+---------+---------+ 4860

GACGAATAGTCTTAAAACTATTTCTGGCATTAAATATAAGAAATCATCTACCTCATCCAT

c A Y Q N F D K D R N L Y S L V D G V G T -

CTCAAAGAGAGTGGAAGTTTAAATTTACAGATTTAATTCCTGGCATAGGCATTTTTGCTC
4861 ---------+---------+---------+---------+---------+---------+ 4920

GAGTTTCTCTCACCTTCAAATTTAAATGTCTAAATTAAGGACCGTATCCGTAAAAACGAG

c Q R E W K F K F T D L I P G I G I F A Q -
4861 ---------+---------+---------+---------+---------+---------+ 4920

AGATATCAGAATATTCAGCACGTAAATCTGAATTGGATAGAATATCAAATATGCTGGATG
4921 ---------+---------+---------+---------+---------+---------+ 4980

TCTATAGTCTTATAAGTCGTGCATTTAGACTTAACCTATCTTATAGTTTATACGACCTAC

c I S E Y S A R K S E L D R I S N M L D G -

GAGAGTATAAAAACATAGATGAAAGAAAAAGAAAAGTATTGGAAAATATACATCAGAAGT
4981 ---------+---------+---------+---------+---------+---------+ 5040

CTCTCATATTTTTGTATCTACTTTCTTTTTCTTTTCATAACCTTTTATATGTAGTCTTCA

c E Y K N I D E R K R K V L E N I H Q K Y -

ATTATGAATTAAAAGAGAATATAGAAGAAACATTCTACAGCAGTATAACTACTATGACTG
5041 ---------+---------+---------+---------+---------+---------+ 5100

TAATACTTAATTTTCTCTTATATCTTCTTTGTAAGATGTCGTCATATTGATGATACTGAC

c Y E L K E N I E E T F Y S S I T T M T D -

ATGATGATAAAATAAATTTAACAGATCAGTTAATGGATTATTTAAATCAAAAGAGAACTA
5101 ---------+---------+---------+---------+---------+---------+ 5160

TACTACTATTTTATTTAAATTGTCTAGTCAATTACCTAATAAATTTAGTTTTCTCTTGAT

c D D K I N L T D Q L M D Y L N Q K R T I -

TATATGCATTAAAAGAGAAAAAATATTTTTCTGAAATACAAAAAATAGATGATAGAAATA
5161 ---------+---------+---------+---------+---------+---------+ 5220

ATATACGTAATTTTCTCTTTTTTATAAAAAGACTTTATGTTTTTTATCTACTATCTTTAT

c Y A L K E K K Y F S E I Q K I D D R N K -
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AAAAATTAGCAGCAGATATACAGAAAGATGAGTTGTTTTTCAATGAAATAGAAAATCTTA
5221 ---------+---------+---------+---------+---------+---------+ 5280

TTTTTAATCGTCGTCTATATGTCTTTCTACTCAACAAAAAGTTACTTTATCTTTTAGAAT

c K L A A D I Q K D E L F F N E I E N L T -

CTAATATGATTAATGATTCTGATATAGAAAATAAAGAAATGATAATAGATGCTATAGCTT
5281 ---------+---------+---------+---------+---------+---------+ 5340

GATTATACTAATTACTAAGACTATATCTTTTATTTCTTTACTATTATCTACGATATCGAA

c N M I N D S D I E N K E M I I D A I A Y -

ATTTAGTATCTGATGAGTGGCTTAAAAATTTTAAAAGCAATGATGATGATCTTTCCAATT
5341 ---------+---------+---------+---------+---------+---------+ 5400

TAAATCATAGACTACTCACCGAATTTTTAAAATTTTCGTTACTACTACTAGAAAGGTTAA

c L V S D E W L K N F K S N D D D L S N L -

TATTGATGGAATACCGGATTGGTTATAAGGAGTATCCATTTATGGTTATTAAAGGTTCTT
5401 ---------+---------+---------+---------+---------+---------+ 5460

ATAACTACCTTATGGCCTAACCAATATTCCTCATAGGTAAATACCAATAATTTCCAAGAA

c L M E Y R I G Y K E Y P F M V I K G S L -

TGGTTAATAAACTTTGCAGTTATAGTTTAGATAGAAAAAAAGAAAAAGTTAAAAGAAAAG
5461 ---------+---------+---------+---------+---------+---------+ 5520

ACCAATTATTTGAAACGTCAATATCAAATCTATCTTTTTTTCTTTTTCAATTTTCTTTTC

c V N K L C S Y S L D R K K E K V K R K D -

ATAGATGATCTGAATGCATATATACAACTTGCATCAAAAGAAATTGATAGTACCCAAACC
5521 ---------+---------+---------+---------+---------+---------+ 5580

TATCTACTAGACTTACGTATATATGTTGAACGTAGTTTTCTTTAACTATCATGGGTTTGG

c R * -

AAATTGAATTCTAAATTATATGAAATAACAGATTTTCTTAATGGAATTGTATATGAGGCA
5581 ---------+---------+---------+---------+---------+---------+ 5640

TTTAACTTAAGATTTAATATACTTTATTGTCTAAAAGAATTACCTTAACATATACTCCGT

AAAATTCCTTTCAAACCAATAGTTCAAAGTGAATTCCATGAGGATCTGATATAATAAAGA
5641 ---------+---------+---------+---------+---------+---------+ 5700

TTTTAAGGAAAGTTTGGTTATCAAGTTTCACTTAAGGTACTCCTAGACTATATTATTTCT

AATCTTATGATTTGCTGTTTGTTATAATTGGTTATAATGCCAAAATGAAAATATTTTACT
5701 ---------+---------+---------+---------+---------+---------+ 5760

TTAGAATACTAAACGACAAACAATATTAACCAATATTACGGTTTTACTTTTATAAAATGA

GTAAGAAAAATTATTATATGACAGAGATAAATTTTCTTAAAAAAAGAAAAGGAGAATGTT
5761 ---------+---------+---------+---------+---------+---------+ 5820

CATTCTTTTTAATAATATACTGTCTCTATTTAAAAGAATTTTTTTCTTTTCCTCTTACAA

TTAAAATTATAAAAACATTATCTCTTTCAAAGAAAAAAGATGAAAGGTTAAAATGGTTTA
5821 ---------+---------+---------+---------+---------+---------+ 5880

AATTTTAATATTTTTGTAATAGAGAAAGTTTCTTTTTTCTACTTTCCAATTTTACCAAAT

ATGAAGCTAATAATACTAATATTAAAACTATAGATGAACTTAGAAGTTTAAGAGAGAGTC
5881 ---------+---------+---------+---------+---------+---------+ 5940

TACTTCGATTATTATGATTATAATTTTGATATCTACTTGAATCTTCAAATTCTCTCTCAG

ATGATAATATTGATTTGTTAATTGATTTATGCGAAAGAGATTTGAAAAACTATAGAGTAA
5941 ---------+---------+---------+---------+---------+---------+ 6000

TACTATTATAACTAAACAATTAACTAAATACGCTTTCTCTAAACTTTTTGATATCTCATT

TTAAAAAACTTAGAGAATATATAAAAACCGCAGATAAAAAGATTGATAATTTTTATAAAA
6001 ---------+---------+---------+---------+---------+---------+ 6060

AATTTTTTGAATCTCTTATATATTTTTGGCGTCTATTTTTCTAACTATTAAAAATATTTT

GAATTGAAAATATTGATATTGAAATAAAGAAATTTAGAGAAAAAGTTTTTCAATATTTAG
6061 ---------+---------+---------+---------+---------+---------+ 6120

CTTAACTTTTATAACTATAACTTTATTTCTTTAAATCTCTTTTTCAAAAAGTTATAAATC
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AAGATTATAATAAATTGTATAGCGATTTTTTAGATATTCTTAATAGAGAATATAATATAG
6121 ---------+---------+---------+---------+---------+---------+ 6180

TTCTAATATTATTTAACATATCGCTAAAAAATCTATAAGAATTATCTCTTATATTATATC

AAGATATATTTCCTAGTTATCTAAATTTATTAGATAGAAAAAATGCAGCAGAAAACATTA
6181 ---------+---------+---------+---------+---------+---------+ 6240

TTCTATATAAAGGATCAATAGATTTAAATAATCTATCTTTTTTACGTCGTCTTTTGTAAT

AATCATTATTATTAACAGAGGCTAAAAATATTACATATGAAATAAAATCAATTAAAGGAA
6241 ---------+---------+---------+---------+---------+---------+ 6300

TTAGTAATAATAATTGTCTCCGATTTTTATAATGTATACTTTATTTTAGTTAATTTCCTT

GTCCTCAATATTATAATAATAAGAATACACTTATTAGTCAGAGGAATAATGCTTGGGATA
6301 ---------+---------+---------+---------+---------+---------+ 6360

CAGGAGTTATAATATTATTATTCTTATGTGAATAATCAGTCTCCTTATTACGAACCCTAT

ATTTCAATTCAAGTAATGAGCAATTTCTTAAGTTAAATGAAAAGGGAGAGTATTATAATA
6361 ---------+---------+---------+---------+---------+---------+ 6420

TAAAGTTAAGTTCATTACTCGTTAAAGAATTCAATTTACTTTTCCCTCTCATAATATTAT

HindIII
|

AAACTTTTGATAAGCTT
6421 ---------+------- 6437

TTTGAAAACTATTCGAA
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I.4. Alignment of the B. hyodysenteriae protein BhoA

Fig. 24: Alignment of the B. hyodysenteriae protein BhoA with DokA of
Dictyostelium discoideum comprising the PAS domain of DokA.
The PAS domain of DokA is underlined (TAYLOR and ZHULIN 1999).
Boxed is the H-box, containing the conserved autophosphorylating
histidine residue (indicated by a dot, position 1053), and the N-box
being parts of the catalytic domains of histidine kinases.
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I.5. Continuous gene sequence of the putative fru operon of
B. hyodysenteriae

The fru operon encompasses the DNA sequences of fragments PT800, BH402, and

PT801.

GenBank accession no. AY072733

DpnI
|

GATCCTAGTTATGATGCAGAAAATATAAAAGAAGGTTTATATGATAGGGAAAAAGACGGC
1 ---------+---------+---------+---------+---------+---------+ 60

CTAGGATCAATACTACGTCTTTTATATTTTCTTCCAAATATACTATCCCTTTTTCTGCCG

AATACTGTGATAGCTGATATGGTAGCTATGCCGCATGCCAGAATGGAGTCTATAAAAGAA
61 ---------+---------+---------+---------+---------+---------+ 120

TTATGACACTATCGACTATACCATCGATACGGCGTACGGTCTTACCTCAGATATTTTCTT

ATTAAAGTTACTATCGTATCTCTTCTAAAACCTATAGAATATAGTCCTGATGAAAGTATA
121 ---------+---------+---------+---------+---------+---------+ 180

TAATTTCAATGATAGCATAGAGAAGATTTTGGATATCTTATATCAGGACTACTTTCATAT

GATTTAGCTTATTCTATAGTAGCACCTATAGATGCTAATGATGAATTTATAGATGTATTA
181 ---------+---------+---------+---------+---------+---------+ 240

CTAAATCGAATAAGATATCATCGTGGATATCTACGATTACTACTTAAATATCTACATAAT

ACATTAATTGCTATGGTTGTTCAAGATGAAGAATTACAAAATATTATAAGAAATTCTAAA
241 ---------+---------+---------+---------+---------+---------+ 300

TGTAATTAACGATACCAACAAGTTCTACTTCTTAATGTTTTATAATATTCTTTAAGATTT

GTCGGCGATGAAGAGAAAATCTTTTCTATGATAGAAGATATATTAAAATTATATGGCGGA
301 ---------+---------+---------+---------+---------+---------+ 360

CAGCCGCTACTTCTCTTTTAGAAAAGATACTATCTTCTATATAATTTTAATATACCGCCT

ATTTAATATTATATTTGATAGCGTTAATTTTCTATAAAAAATATATTAATTAATAATTTT
361 ---------+---------+---------+---------+---------+---------+ 420

TAAATTATAATATAAACTATCGCAATTAAAAGATATTTTTTATATAATTAATTATTAAAA

TTATTATTAATGATTCAGAGTATATAATAATTCCTTAATATATTAAATTGAACATAAGTA
421 ---------+---------+---------+---------+---------+---------+ 480

AATAATAATTACTAAGTCTCATATATTATTAAGGAATTATATAATTTAACTTGTATTCAT

AAAAAAAATTTACTACTATTGATTTTAATTTATATTATTCATATAATGTGAAATAATAAA
481 ---------+---------+---------+---------+---------+---------+ 540

TTTTTTTTAAATGATGATAACTAAAATTAAATATAATAAGTATATTACACTTTATTATTT

TTTTAGTGTTAGAGTATATTGAATGCGTTCGAAAAGAATTGATAATATAAAAACTTTTAT
541 ---------+---------+---------+---------+---------+---------+ 600

AAAATCACAATCTCATATAACTTACGCAAGCTTTTCTTAACTATTATATTTTTGAAAATA

b fruR M R S K R I D N I K T F I -



                                                                           Appendix                                                                           

186

TTATAATAATAAAATAGTAACTTTGGATCAGATATGTGATGAATTTGAAATTTCTAAAAG
601 ---------+---------+---------+---------+---------+---------+ 660

AATATTATTATTTTATCATTGAAACCTAGTCTATACACTACTTAAACTTTAAAGATTTTC

b Y N N K I V T L D Q I C D E F E I S K S -

CACTATAAGAAGAGATATACAGGACTTATTATTATCTGATAAAAGATTCAAAAAAATATA
661 ---------+---------+---------+---------+---------+---------+ 720

GTGATATTCTTCTCTATATGTCCTGAATAATAATAGACTATTTTCTAAGTTTTTTTATAT

b T I R R D I Q D L L L S D K R F K K I Y -

CGGAGGTATAAAATTTGAATCTGAAGATAATCCTGTGCCTTTCAATGAAAGAAAAATAAC
721 ---------+---------+---------+---------+---------+---------+ 780

GCCTCCATATTTTAAACTTAGACTTCTATTAGGACACGGAAAGTTACTTTCTTTTTATTG

b G G I K F E S E D N P V P F N E R K I T -

AAATATAGAAAATAAAATATTAATAGCAAAGAAAGCAGCAGAATTAGTTGAAGATAATGA
781 ---------+---------+---------+---------+---------+---------+ 840

TTTATATCTTTTATTTTATAATTATCGTTTCTTTCGTCGTCTTAATCAACTTCTATTACT

b N I E N K I L I A K K A A E L V E D N D -

TATAATATTTATAGATTTCGGAACAACAGTTTTAAATATAGTGGATTACTTAAAACATAT
841 ---------+---------+---------+---------+---------+---------+ 900

ATATTATAAATATCTAAAGCCTTGTTGTCAAAATTTATATCACCTAATGAATTTTGTATA

b I I F I D F G T T V L N I V D Y L K H I -

AAATAATCTCACAGTAATTACAAATAATTTAGAAGTAATATACAAAACTATAAATTATGA
901 ---------+---------+---------+---------+---------+---------+ 960

TTTATTAGAGTGTCATTAATGTTTATTAAATCTTCATTATATGTTTTGATATTTAATACT

b N N L T V I T N N L E V I Y K T I N Y E -

AAACATGAACGTCATTTCTTTATCAGGAGTTCTTGATAGAAAAAATTTATCATTATTAGG
961 ---------+---------+---------+---------+---------+---------+ 1020

TTTGTACTTGCAGTAAAGAAATAGTCCTCAAGAACTATCTTTTTTAAATAGTAATAATCC

b N M N V I S L S G V L D R K N L S L L G -

AGCTTCTAGTGCCAATATACTCAAAACATTTAATATATCAAAATGTTTCATGTCTACAAC
1021 ---------+---------+---------+---------+---------+---------+ 1080

TCGAAGATCACGGTTATATGAGTTTTGTAAATTATATAGTTTTACAAAGTACAGATGTTG

b A S S A N I L K T F N I S K C F M S T T -

AGGCTTATCAGTTACAAATGGAGTTACAGATTTATCAGCATTGGAATCAGAAATAAAATC
1081 ---------+---------+---------+---------+---------+---------+ 1140

TCCGAATAGTCAATGTTTACCTCAATGTCTAAATAGTCGTAACCTTAGTCTTTATTTTAG

b G L S V T N G V T D L S A L E S E I K S -

TATGGCAGTTATAAAAAGTAAGATGGTTGTGCTGCTTGCTGATAAAAGTAAATTCAATTG
1141 ---------+---------+---------+---------+---------+---------+ 1200

ATACCGTCAATATTTTTCATTCTACCAACACGACGAACGACTATTTTCATTTAAGTTAAC

b M A V I K S K M V V L L A D K S K F N C -
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CATCTCACTTCAAACATATTGTAATCTTAATGAAATTCATAAACTAATAACAGATGAACT
1201 ---------+---------+---------+---------+---------+---------+ 1260

GTAGAGTGAAGTTTGTATAACATTAGAATTACTTTAAGTATTTGATTATTGTCTACTTGA

b I S L Q T Y C N L N E I H K L I T D E L -

TCCTCCAGATGATATAACTTCATATCTTAAAGAAAATAATATAGATATTCTCCTTACAAA
1261 ---------+---------+---------+---------+---------+---------+ 1320

AGGAGGTCTACTATATTGAAGTATAGAATTTCTTTTATTATATCTATAAGAGGAATGTTT

b P P D D I T S Y L K E N N I D I L L T K -

ATCATATTAATTTATTATCATTTCCGGTATTTAATATATAAACCTTGGGATTTTTTTAAT
1321 ---------+---------+---------+---------+---------+---------+ 1380

TAGTATAATTAAATAATAGTAAAGGCCATAAATTATATATTTGGAACCCTAAAAAAATTA

b S Y * -

TTTTTTGATAATATTTTGATAATATTTTGATTAATTTATTGACAATTTATAATAATTTTT
1381 ---------+---------+---------+---------+---------+---------+ 1440

AAAAAACTATTATAAAACTATTATAAAACTAATTAAATAACTGTTAAATATTATTAAAAA

ATATACTTGTATATATAAATTAATTAATTTGAGGTTATATTTATGGATTTTATTTCTGAA
1441 ---------+---------+---------+---------+---------+---------+ 1500

TATATGAACATATATATTTAATTAATTAAACTCCAATATAAATACCTAAAATAAAGACTT

a fruA M D F I S E -

TCTACTATATTTTTGAGTAAGTCTTGCTCAAATAAAGATGAATTATTTGATTTTTTATCT
1501 ---------+---------+---------+---------+---------+---------+ 1560

AGATGATATAAAAACTCATTCAGAACGAGTTTATTTCTACTTAATAAACTAAAAAATAGA

a S T I F L S K S C S N K D E L F D F L S -

TGTATTTCTAAAGATTTAGGCATATCTAATAATGCTGAAGATGTAAAAAAAGGATTATTT
1561 ---------+---------+---------+---------+---------+---------+ 1620

ACATAAAGATTTCTAAATCCGTATAGATTATTACGACTTCTACATTTTTTTCCTAATAAA

a C I S K D L G I S N N A E D V K K G L F -

GATAGGGAAAAAGACGGCAATACCATTATAGGCGATATGATAGCAATGCCTCATGCTAGA
1621 ---------+---------+---------+---------+---------+---------+ 1680

CTATCCCTTTTTCTGCCGTTATGGTAATATCCGCTATACTATCGTTACGGAGTACGATCT

a D R E K D G N T I I G D M I A M P H A R -

TCAGAAGCTATAAATAAGCTTAAGGTTATATTAGTACAGTTAGAAAAACCTATTGAATAT
1681 ---------+---------+---------+---------+---------+---------+ 1740

AGTCTTCGATATTTATTCGAATTCCAATATAATCATGTCAATCTTTTTGGATAACTTATA

a S E A I N K L K V I L V Q L E K P I E Y -

AACAAAGGTGAGAATATAGATTTAGCATATTCTATACTAGCTCCTTTAAAAGCAAATAAT
1741 ---------+---------+---------+---------+---------+---------+ 1800

TTGTTTCCACTCTTATATCTAAATCGTATAAGATATGATCGAGGAAATTTTCGTTTATTA

a N K G E N I D L A Y S I L A P L K A N N -
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GAGTTTATAGATATATTAAGCTCTGTTGCATCCATTGTTCAAGATGATGATCTGCAAACA
1801 ---------+---------+---------+---------+---------+---------+ 1860

CTCAAATATCTATATAATTCGAGACAACGTAGGTAACAAGTTCTACTACTAGACGTTTGT

a E F I D I L S S V A S I V Q D D D L Q T -

TTTATAAGAAATTCAAAGAGTGGGGATGAATCCAAGATTATATTGAAAATGGAAGAAGTA
1861 ---------+---------+---------+---------+---------+---------+ 1920

AAATATTCTTTAAGTTTCTCACCCCTACTTAGGTTCTAATATAACTTTTACCTTCTTCAT

a F I R N S K S G D E S K I I L K M E E V -

TTAAAAAATAATGCATAATATTTATTGAATATAAATAAAAATAAAAACAAGGAGAAATTT
1921 ---------+---------+---------+---------+---------+---------+ 1980

AATTTTTTATTACGTATTATAAATAACTTATATTTATTTTTATTTTTGTTCCTCTTTAAA

a L K N N A * -

TATTATGAAAATCGTAGCAATTACATCTTGTCCCACAGGCGTTGCTCATACATATATGGC
1981 ---------+---------+---------+---------+---------+---------+ 2040

ATAATACTTTTAGCATCGTTAATGTAGAACAGGGTGTCCGCAACGAGTATGTATATACCG

b fruBC M K I V A I T S C P T G V A H T Y M A -

AGCCAATGCTTTAAAAAAATATGCAGCATCAAACAATGTTGAAATTAAAGTTGAAACGCA
2041 ---------+---------+---------+---------+---------+---------+ 2100

TCGGTTACGAAATTTTTTTATACGTCGTAGTTTGTTACAACTTTAATTTCAACTTTGCGT

b A N A L K K Y A A S N N V E I K V E T Q -

AGGATCTGACGGTATAGGAAATGCATTAACTGCTGATGACATAAAAAATGCAGATTATGT
2101 ---------+---------+---------+---------+---------+---------+ 2160

TCCTAGACTGCCATATCCTTTACGTAATTGACGACTACTGTATTTTTTACGTCTAATACA

b G S D G I G N A L T A D D I K N A D Y V -

TTTATTTGCTGCTGATAAACCTGTTGAAAATAAAGATAGATTCATTGGTAAAAAAATAAT
2161 ---------+---------+---------+---------+---------+---------+ 2220

AAATAAACGACGACTATTTGGACAACTTTTATTTCTATCTAAGTAACCATTTTTTTATTA

b L F A A D K P V E N K D R F I G K K I I -

TGAAGTTCCCGTAACTGAGGCTGTGAAAAATTCTGATAATCTTATAAAAAATATAATATC
2221 ---------+---------+---------+---------+---------+---------+ 2280

ACTTCAAGGGCATTGACTCCGACACTTTTTAAGACTATTAGAATATTTTTTATATTATAG

b E V P V T E A V K N S D N L I K N I I S -

TGGAAATATTAAATCATATACATTAGAAGCATCTGGAGACGAGGATTTAGATGATCTTCT
2281 ---------+---------+---------+---------+---------+---------+ 2340

ACCTTTATAATTTAGTATATGTAATCTTCGTAGACCTCTGCTCCTAAATCTACTAGAAGA

b G N I K S Y T L E A S G D E D L D D L L -

TCAAACTTCTTCAAGAAAAGGAATATATAAACATTTAATGGCAGGATTTTCAAATATGCT
2341 ---------+---------+---------+---------+---------+---------+ 2400

AGTTTGAAGAAGTTCTTTTCCTTATATATTTGTAAATTACCGTCCTAAAAGTTTATACGA

b Q T S S R K G I Y K H L M A G F S N M L -



                                                                           Appendix                                                                           

189

TCCATTTATTATTGCCGGAGGTATATGTATTGGTATTTCATTTGCATTTGGAATAACTGC
2401 ---------+---------+---------+---------+---------+---------+ 2460

AGGTAAATAATAACGGCCTCCATATACATAACCATAAAGTAAACGTAAACCTTATTGACG

b P F I I A G G I C I G I S F A F G I T A -

TTCAAATCCTGAATCACCTGATTATAATCCTATAGCAGGATTCTTTGATACAATAGGTGG
2461 ---------+---------+---------+---------+---------+---------+ 2520

AAGTTTAGGACTTAGTGGACTAATATTAGGATATCGTCCTAAGAAACTATGTTATCCACC

b S N P E S P D Y N P I A G F F D T I G G -

AGGAAAAGTTGGAGCTTTCAGTTTAATCATTGCTATATTATCTGCTTATATTGCTAATAG
2521 ---------+---------+---------+---------+---------+---------+ 2580

TCCTTTTCAACCTCGAAAGTCAAATTAGTAACGATATAATAGACGAATATAACGATTATC

b G K V G A F S L I I A I L S A Y I A N S -

TGTTGGAGGTAAATCTGCATTCATGCCTGGTATGGTTGCTGGTTTATTAGCAAACTATTA
2581 ---------+---------+---------+---------+---------+---------+ 2640

ACAACCTCCATTTAGACGTAAGTACGGACCATACCAACGACCAAATAATCGTTTGATAAT

b V G G K S A F M P G M V A G L L A N Y Y -

TAAAACAGGTTTCTTGGGCGGTATATTAGCAGGCTTTGTAGCAGGATATGTAGCAATACT
2641 ---------+---------+---------+---------+---------+---------+ 2700

ATTTTGTCCAAAGAACCCGCCATATAATCGTCCGAAACATCGTCCTATACATCGTTATGA

b K T G F L G G I L A G F V A G Y V A I L -

ATTGAAAAAAGTATTAAAGAACATACCAAAATCTATTTCTAGTTTGAAAGGTGCATTATT
2701 ---------+---------+---------+---------+---------+---------+ 2760

TAACTTTTTTCATAATTTCTTGTATGGTTTTAGATAAAGATCAAACTTTCCACGTAATAA

b L K K V L K N I P K S I S S L K G A L L -

ATATCCTTTATTCGGATTGATTTTAACTTGCTTAATATTATGGCCTGTATTTATGCCTAT
2761 ---------+---------+---------+---------+---------+---------+ 2820

TATAGGAAATAAGCCTAACTAAAATTGAACGAATTATAATACCGGACATAAATACGGATA

b Y P L F G L I L T C L I L W P V F M P I -

AGCTAAATTGATGGATTTAATGGTTCAAGGCTTAAACGGAATAGGTGCTTCTCACAAAGG
2821 ---------+---------+---------+---------+---------+---------+ 2880

TCGATTTAACTACCTAAATTACCAAGTTCCGAATTTGCCTTATCCACGAAGAGTGTTTCC

b A K L M D L M V Q G L N G I G A S H K G -

AATTATAGGATTAATAGTAGCAGGAATGATGGCTACTGATATGGGAGGACCTATAAATAA
2881 ---------+---------+---------+---------+---------+---------+ 2940

TTAATATCCTAATTATCATCGTCCTTACTACCGATGACTATACCCTCCTGGATATTTATT

b I I G L I V A G M M A T D M G G P I N K -

AACAGCTGGTTTATTTGCAAATGCTGCTTTTGCTTCAGGAAATGCTGATTTCATGAGTGC
2941 ---------+---------+---------+---------+---------+---------+ 3000

TTGTCGACCAAATAAACGTTTACGACGAAAACGAAGTCCTTTACGACTAAAGTACTCACG

b T A G L F A N A A F A S G N A D F M S A -
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TATGATGGCTGGAGGAATGGTTCCGCCTTTGGGAATAGCTTTATGTACAACATTATTTGC
3001 ---------+---------+---------+---------+---------+---------+ 3060

ATACTACCGACCTCCTTACCAAGGCGGAAACCCTTATCGAAATACATGTTGTAATAAACG

b M M A G G M V P P L G I A L C T T L F A -

TAAATACTTTACTGAAACAGAAAGAAAAGCTGGTAAAACTTGTTATTTCTTAGGTGCTTG
3061 ---------+---------+---------+---------+---------+---------+ 3120

ATTTATGAAATGACTTTGTCTTTCTTTTCGACCATTTTGAACAATAAAGAATCCACGAAC

b K Y F T E T E R K A G K T C Y F L G A C -

CTTTATAACAGAAGGTGTAATTCCTTTTGCTGTATCAGACCCTGTAAGAGTAATAGTTTC
3121 ---------+---------+---------+---------+---------+---------+ 3180

GAAATATTGTCTTCCACATTAAGGAAAACGACATAGTCTGGGACATTCTCATTATCAAAG

b F I T E G V I P F A V S D P V R V I V S -

ATCTGTAATAGGTGCTATGGTTTCAGGATTCTTAACTCAGTATTTTAATATAGTAATGAT
3181 ---------+---------+---------+---------+---------+---------+ 3240

TAGACATTATCCACGATACCAAAGTCCTAAGAATTGAGTCATAAAATTATATCATTACTA

b S V I G A M V S G F L T Q Y F N I V M M -

GGCTTCACATGGCGGTATATTTGTAATACCTATAACAAATAAACCTCTATTATATACTGG
3241 ---------+---------+---------+---------+---------+---------+ 3300

CCGAAGTGTACCGCCATATAAACATTATGGATATTGTTTATTTGGAGATAATATATGACC

b A S H G G I F V I P I T N K P L L Y T G -

AATAATAATTTTAGGTTCTGTTATAACTGCTTTGGTATTAGGTTTTTGGAAAAAGTTTTC
3301 ---------+---------+---------+---------+---------+---------+ 3360

TTATTATTAAAATCCAAGACAATATTGACGAAACCATAATCCAAAAACCTTTTTCAAAAG

b I I I L G S V I T A L V L G F W K K F S -

TGCTAAAAAAAATTAATATAAATTATTAGAGATCGGAGGAATATAAAAATGTCTATTGTA
3361 ---------+---------+---------+---------+---------+---------+ 3420

ACGATTTTTTTTAATTATATTTAATAATCTCTAGCCTCCTTATATTTTTACAGATAACAT

a fbaA M S I V -

ACTTTAAAAGATGCTTTAAATAGAGCTAAAGACGGTAAATATGGAATTGGAGCTTTTAAT
3421 ---------+---------+---------+---------+---------+---------+ 3480

TGAAATTTTCTACGAAATTTATCTCGATTTCTGCCATTTATACCTTAACCTCGAAAATTA

a T L K D A L N R A K D G K Y G I G A F N -

GTAAGTTCTTTAACTTTCTTAGAAACAATTATTAAAGCTGCTGAAGATAAGAAAAGTCCT
3481 ---------+---------+---------+---------+---------+---------+ 3540

CATTCAAGAAATTGAAAGAATCTTTGTTAATAATTTCGACGACTTCTATTCTTTTCAGGA

a V S S L T F L E T I I K A A E D K K S P -

GTTATAACTCAAATAGCTGAAGGACATGTAGTTGATATGCCTAATTTTGAATCTTTTTGT
3541 ---------+---------+---------+---------+---------+---------+ 3600

CAATATTGAGTTTATCGACTTCCTGTACATCAACTATACGGATTAAAACTTAGAAAAACA

a V I T Q I A E G H V V D M P N F E S F C -
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AAGGCAGCAGTTGATATGGCTTCTAAGGCTTCTGTTCCTGTAGTATTGCATTTGGATCAT
3601 ---------+---------+---------+---------+---------+---------+ 3660

TTCCGTCGTCAACTATACCGAAGATTCCGAAGACAAGGACATCATAACGTAAACCTAGTA

a K A A V D M A S K A S V P V V L H L D H -

GGCTTAACATTAAATACTGTTGTGAGATGCATACAGAATGGTTTTTCTTCTATAATGATT
3661 ---------+---------+---------+---------+---------+---------+ 3720

CCGAATTGTAATTTATGACAACACTCTACGTATGTCTTACCAAAAAGAAGATATTACTAA

a G L T L N T V V R C I Q N G F S S I M I -

GATGCTTCTGCTTATCCTTATGAAGAAAATATCAGAAGAACTAAAGAGATAGTAAATATA
3721 ---------+---------+---------+---------+---------+---------+ 3780

CTACGAAGACGAATAGGAATACTTCTTTTATAGTCTTCTTGATTTCTCTATCATTTATAT

a D A S A Y P Y E E N I R R T K E I V N I -

TGTCATAGTGTAGGAATATCTGTTGAAGGTGAGCTAGGAACTATTGGCGGATCTGAAGCA
3781 ---------+---------+---------+---------+---------+---------+ 3840

ACAGTATCACATCCTTATAGACAACTTCCACTCGATCCTTGATAACCGCCTAGACTTCGT

a C H S V G I S V E G E L G T I G G S E A -

AATATAGTAAAAGAAGAAGATGCATTTACAAATCCTGATGAAGCTTTAGACTTTGTTAAA
3841 ---------+---------+---------+---------+---------+---------+ 3900

TTATATCATTTTCTTCTTCTACGTAAATGTTTAGGACTACTTCGAAATCTGAAACAATTT

a N I V K E E D A F T N P D E A L D F V K -

AAGACAGAAATTGATGCTTTAGCTATATCTATAGGTAATGTTCATGGAAACTATAAAGGA
3901 ---------+---------+---------+---------+---------+---------+ 3960

TTCTGTCTTTAACTACGAAATCGATATAGATATCCATTACAAGTACCTTTGATATTTCCT

a K T E I D A L A I S I G N V H G N Y K G -

GAGCCAAAATTAGATTTTGAAAGATTAGAAACTATATCAAAATTAACTAATTTACCTTTA
3961 ---------+---------+---------+---------+---------+---------+ 4020

CTCGGTTTTAATCTAAAACTTTCTAATCTTTGATATAGTTTTAATTGATTAAATGGAAAT

a E P K L D F E R L E T I S K L T N L P L -

GTTTTACATGGCGGATCTGGTATATATGATGATGATTTCAGAAAAGCTGTAAGTCTTGGA
4021 ---------+---------+---------+---------+---------+---------+ 4080

CAAAATGTACCGCCTAGACCATATATACTACTACTAAAGTCTTTTCGACATTCAGAACCT

a V L H G G S G I Y D D D F R K A V S L G -

ATATGTAAGATCAATTTCTATACAGGAAATTGTAAATCTGCAGGTAAAGCTGTAATGGAT
4081 ---------+---------+---------+---------+---------+---------+ 4140

TATACATTCTAGTTAAAGATATGTCCTTTAACATTTAGACGTCCATTTCGACATTACCTA

a I C K I N F Y T G N C K S A G K A V M D -

TTTGTTAAAGAAGATCCTGAGAAAAATGGTACTGATTTAATGAAATTAATTAAAGGCATA
4141 ---------+---------+---------+---------+---------+---------+ 4200

AAACAATTTCTTCTAGGACTCTTTTTACCATGACTAAATTACTTTAATTAATTTCCGTAT

a F V K E D P E K N G T D L M K L I K G I -
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AGAAAtAATGTTTATGAAACAGTTTGCCATAATATGGATGTGTTTGGAAGTTCAAACAAA
4201 ---------+---------+---------+---------+---------+---------+ 4260

TCTTTaTTACAAATACTTTGTCAAACGGTATTATACCTACACAAACCTTCAAGTTTGTTT

a R N N V Y E T V C H N M D V F G S S N K -

GCTTGGTAATAATTAACATATATCTTATCTTTATGAGGTACAAGTAAAAAACTACTTGTA
4261 ---------+---------+---------+---------+---------+---------+ 4320

CGAACCATTATTAATTGTATATAGAATAGAAATACTCCATGTTCATTTTTTGATGAACAT

a A W * -

CCTTTATTTATTTACTAACTTAATATAAAGAACCAATATGTATCTATAATATACTAAATT
4321 ---------+---------+---------+---------+---------+---------+ 4380

GGAAATAAATAAATGATTGAATTATATTTCTTGGTTATACATAGATATTATATGATTTAA

ATAAAAAATATATATTTTTTATAATAATATAATTGACAAGTTTTATATAAATGTTATAAT
4381 ---------+---------+---------+---------+---------+---------+ 4440

TATTTTTTATATATAAAAAATATTATTATATTAACTGTTCAAAATATATTTACAATATTA

MseI
|

AAAGAACAATAAAAAGATATTTTAGGAGATTAA
4441 ---------+---------+---------+--- 4473

TTTCTTGTTATTTTTCTATAAAATCCTCTAATT

I.6. Alignment of FruR of B. hyodysenteriae with homologous
proteins
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Fig. 25: Alignment of FruR of B. hyodysenteriae (FruR-Bhy) with the
homolgous proteins IolR of Bacillus subtilis (IolR-Bsu, accession no.
P46337), GutR of E. coli (GutR-Eco, P15082), transcription regulator of
Thermotoga maritima (DeoRfam-Tma, G72298), GlcR of Bacillus
subtilis (GlcR-Bsu, C69632), GlpR of E. coli (GlpR-Eco, B65138) and
FruR of Bacillus subtilis (FruR-Bsu, B69627). The solid bar indicates
the HTH motif, the grey bar the second high conserved region at the
carboxy-terminus.
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I.7. Alignment of PTS enzyme IIAFru of B. hyodysenteriae with
homologous proteins

Fig. 26: Alignment of enzyme IIAFru of B. hyodysenteriae (IIA-Bhy) with the
homolgous proteins of PTS component IIA of Listeria innocua (IIA-Lin,
accession no. AF1485), Listeria monocytogenes (IIA-Lmo, AG1124),
Caulobacter crescentus (IIA-Ccr, B87695), Vibirio cholerae (IIA-Vch,
H82065) and of the IIABC component of Listeria monocytogenes
(IIABC-Lmo, AG1366). The solid bar indicates the conserved histidine
residue.
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I.8. Alignment of the PTS enzyme IIBCFru of B. hyodysenteriae with
homologous proteins
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Fig. 27: Alignment of the enzyme IIBCFru of B. hyodysenteriae (IIBC-Bhy) with
homologous proteins of the fructose-specific IIABC component of
Bacillus subtilis (IIABC-Bsu, accession no. H69626), fructose-specific
IIABC component (fruA-2, IIABC2-Bbu, D70178; and fruA-1, IIABC1-
Bbu, G70150) of Borrelia burgdorferi, IIBC component of Salmonella
enterica subsp. enterica serovar Typhi (IIBC-Sty, AC0898) and of the
fructose-specific IIBC component of Rhodobacter capsulatus (IIBC-
Rca, P23387). Solid boxes are indicating the conserved amino acids:
cysteine (C, position 9), asparagine (N, position 318) and glutamic acid
residue (E, position 386).
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I.9. Alignment of the enzyme IIBCFru of B. hyodysenteriae with the
deduced amino acid sequences of the PCR products from
Brachyspira ssp. reference strains sequenced with primer
oPT43.

Fig. 28: Alignment of the enzyme IIBCFru of B. hyodysenteriae with the
deduced amino acid sequences of the PCR products of Brachyspira
ssp. reference strains sequenced with primer oPT43.
IIBC-Bhy, enzyme IIBCFru of B. hyodysenteriae;
AN26:93, B. intermedia ; C301, B. murdochii; C336, B. innocens;
P43/6/78, B. pilosicoli.
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