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INTRODUCTION 

A Introduction 

Salmonella (S.) enterica subspecies enterica serotype Typhimurium, a gram-negative 

rod, is a facultative intracellular pathogen in a variety of hosts. Non-typhoid in 

humans and pigs, the bacterium causes a lethal systemic disease in mice that serves 

as a model for human typhoid fever. Although S. Typhimurium causes mainly sub-

clinical infections in pigs, it is nonetheless responsible for substantial economic 

losses in the pig producing industry and, furthermore, one of the most important 

zoonotic pathogens worldwide. Especially the trend of multi resistant strains 

emerging over the past years, above all strains of the phage type DT104, has led to 

considerations about an enhanced Salmonella surveillance of pig producing facilities. 

In 1998 the German ministry of food, agriculture and forestry adopted a guideline 

concerning the reduction of Salmonella entry into food production through 

slaughterhouse contaminations from pigs. Goal of this guideline is a monitoring of 

Salmonella antibody prevalence in participating pig producing facilities. Antibodies 

are determined in meat juice samples from randomly selected pigs at slaughter, and 

herds are classified based on the prevalence of Salmonella-antibody positive pigs. To 

improve the Salmonella status in high prevalence facilities, assistance is provided by 

veterinarians examining hygiene measures and possible sources of Salmonella entry. 

 

Vaccination against S. Typhimurium with the licensed live vaccine Salmoporc® leads 

to a reduction in colonization of the porcine intestine. Due to the fact, that an animal 

vaccinated with Salmoporc® can not be discriminated serologically from an animal 

infected by field strains, the use of this vaccine in herds participating in the program 

is problematic. Vaccinated animals could falsely be identified as Salmonella infected, 

thus worsening the classification of the respective herd. 

Therefore, the first objectives of this work were to (i) construct a Salmoporc® 

derivative with a serologically detectable marker facilitating the Differentiation of 

Infected and Vaccinated Animals (DIVA), and (ii) develop a new serological test to be 

used for this serological differentiation. 
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B.1 

B.1.1 

B Literature review 

Salmonella enterica subspecies enterica serotype 
Typhimurium 

Taxonomy 

Salmonella (S.) enterica subspecies enterica serotype Typhimurium, or short 

S. Typhimurium, is a gram negative rod belonging to the family Enterobacteriaceae. 

Salmonella are facultative anaerobic and, with few exceptions, motile bacteria with a 

size of 0.7-1.5 x 2.0-5.0 µm (SELBITZ 1992). 

The nomenclature for the genus Salmonella has evolved from the initial 

‘one serotype - one species’ concept proposed by Kauffmann (KAUFFMANN 1966) 

on the basis of serologic identification of O (somatic) and H (flagellar) antigens. Each 

serotype was considered a separate species. Following this concept today would 

result in 2,463 species of Salmonella. A number of taxonomic proposals, based on 

the clinical role of a strain, on the biochemical characteristics that divide the 

serotypes into subgenera or on genomic relatedness, have been made (EWING 

1986; FARMER 1999; LE MINOR u. POPOFF 1987). The defining development in 

Salmonella taxonomy occurred in 1973 when Crosa et al. (CROSA et al. 1973) 

demonstrated by DNA-DNA hybridization that all serotypes and subgenera I, II and IV 

of Salmonella and all serotypes of “Arizona” were related at the species level, thus, 

belonging in a single species. The one exception is S. bongori, which by DNA-DNA 

hybridization is a distinct species (REEVES et al. 1989). 

According to the current system used by the Center for Disease Control and 

Prevention (CDC), the genus Salmonella contains two species, each of which 

contains multiple serotypes (i.e. S. enterica subsp. enterica / 1,454 serotypes; 

S. bongori / 20 serotypes). The two species are S. enterica and S. bongori (POPOFF 

u. LE MINOR 1997; REEVES et al. 1989). S. enterica is divided into six subspecies 

(BRENNER u. MCWHORTER-MURLIN 1998; POPOFF u. LE MINOR 1997), which 

are referred to by a Roman numeral and a name (I, S. enterica subsp. enterica; II, 

S. enterica subsp. salamae; IIIa, S. enterica subsp. arizonae; IIIb, S. enterica subsp. 

diarizonae; IV, S. enterica subsp. houtenae; and VI, S. enterica subsp. indica). 
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B.1.2 

S. enterica subspecies are differentiated biochemically (BRENNER u. 

MCWHORTER-MURLIN 1998; POPOFF u. LE MINOR 1997) and by genomic 

relatedness (CROSA et al. 1973; POPOFF u. LE MINOR 1997; REEVES et al. 

1989). 

Significance and epidemiology 

Salmonella serotypes have a broad range of hosts and clinical manifestations that 

result from the combination of serotype and host species involved (SANTOS et al. 

2003). Salmonella infection is one of the most important food-borne infections 

worldwide and also a major cause of economic losses in the pig production chain 

(ANDERSON et al. 2004). In the United States an estimated 1.41 million cases of 

human infections and more than 500 human deaths occur annually (MEAD et al. 

1999) due to food-borne infections with Salmonella. S. Typhimurium remains one of 

the most common causes of salmonellosis in animals and humans in the United 

States. The emergence of multi-drug resistant Salmonella reduces the therapeutic 

options in cases of invasive infections, and has been shown to be associated with an 

increased burden of illness (HELMS et al. 2005). 

In Germany, S. Typhimurium is the most important serotype in pigs (EFSA 2004). In 

2004, the European Food Safety Authority (EFSA) recorded 56,947 human cases of 

salmonellosis in Germany. The most important Salmonella serotypes in this study 

were S. Enteritidis (36,630 cases / 67%), mostly in products from poultry, and 

S. Typhimurium (11,319 cases / 21%). In pigs, 4.17% of the tested herds 

(136 / 2135) carried Salmonella, with the fraction of fattening pigs (8.27% of the 

tested herds) nearly twice as high as the breeding pigs’ fraction (4.26% of the tested 

herds). S. Typhimurium (78.1% of all isolates) is the most abundant serotype in pigs, 

followed by S. Derby (9.9%), which is mirrored in the analysis of S. isolates from pig 

meat (48.2% S. Typhimurium; 16.7% S. Derby). 

Important information from this study is the phage type distribution in the different 

species (cattle, pigs, and poultry), because the occurrence of multi resistant strains is 

closely linked to the different phage types (CHEN et al. 1996; POPPE et al. 1993; 

VAN DER WOLF u. PEPERKAMP 2001; VON ALTROCK et al. 2000). Earlier reports 

showed that the phage type DT104, carrying multiple antibiotic resistance genes, is 

the most important phage type in S. Typhimurium (ALMUTH et al. 1997). This is 
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B.1.3.1 

confirmed by the 2004 EFSA study. About 47.8% of the S. Typhimurium isolates 

(143 / 299 samples) were phage type DT104 with up to five different resistance 

determinants against antibiotic agents. Only against two classes of antibiotics, 

Cephalosporins and Fluoroquinolones, no resistance determinants were carried by 

the different strains isolated, whereas many of the strains were resistant to 

Sulfonamides (90%), Streptomycin (82.6%), Ampicillin (78.6%), Tetracycline (77.9%) 

or Chloramphenicol (46.2%). With the high number of isolates (58.5%) carrying more 

than four antibiotic resistance determinants, it is clear that a reduction of Salmonella 

in pig producing facilities cannot be obtained by antibiotic treatment. 

Infection, disease and immunity 

Infection and disease 

Generally, S. Typhimurium is transmitted via the faecal-oral route amongst pigs, from 

contaminated environments, or directly from sow to the weaning piglets (CARLSON 

u. BLAHA 2001; SCHWARTZ 1999). Another possible entry of the pathogen are the 

conjunctiva and the respiratory tract in cases of aerosol formation (OLIVEIRA et al. 

2004; PROUX et al. 2001; ROLLE u. MAYR 2002). 

Unlike host adapted serotypes like S. Derby or S. Cholerae-suis, which cause 

systemic infections (septicemia, enterocolitis, pneumonia, hepatitis, meningitis or 

encephalitis) in swine (BASKERVILLE et al. 1973; MINEV et al. 1981; WITCZUK 

1981), S. Typhimurium causes only a secondary, often sub-clinical salmonellosis in 

pigs (SPRINGER et al. 2001; STEGE et al. 2000). Normally no clinical symptoms can 

be observed at all (BLAHA 2001). Infected pigs showing clinical symptoms develop a 

mild form of enteritis, with intermittent, partly hemorrhagic diarrhea lasting 3 to 7 

days. More often than diarrhea, an increase of body temperature and a reduced 

uptake of food can be observed (SPRINGER et al. 2001). 

The zoonotic potential of S. Typhimurium carried by pigs is of major interest. 

Especially zoonotic infections, caused by multi-resistant strains due to 

slaughterhouse contaminations of finished products, can do serious harm in humans. 

Mostly, clinical symptoms like severe enteritis have been described in humans 

(VILLAR et al. 1999), but also a case of multi-resistant S. Typhimurium DT104, 
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B.1.4 

transmitted to premature twins via their mother's breast milk has been described, 

suggesting a systemic course of disease (QUTAISHAT et al. 2003). 

Immunity to Salmonella in animals 

Both humoral and cellular immunity appear to play a role in protection against a 

Salmonella infection. The importance of both branches of the immune system in the 

protection of the host against the pathogen still remains controversial (MASTROENI 

et al. 1993). About one week after infection, an antibody response can be detected in 

the sera of pigs which can persist for 10 weeks or more (GRAY et al. 1996). Serum 

immunoglobulin (Ig) M anti-Salmonella responses appear first, followed by IgG and 

IgA (HASSAN et al. 1991). The IgM and IgA levels gradually decline, while IgG levels 

can persist for extended periods (CHART et al. 1992; HASSAN et al. 1991). 

Reinfection results in a rapid, enhanced antibody response to the challenge organism 

(CHART et al. 1992; HASSAN et al. 1991). Serum immunoglobulins can be passed 

vertically into the colostrum (JONES et al. 1988). Serum antibodies will be detectable 

after individuals are no longer culture-positive for the organism (GAST et al. 1997). 

Experimentally and naturally infected pigs have been shown to have a titer to LPS for 

at least 12 weeks after exposure to Salmonella (GRAY et al. 1996). 

Outer membrane protein D (OmpD) 

Like other gram-negative bacteria, S. Typhimurium has an outer membrane 

surrounding the periplasmic space which contains numerous proteins, referred to as 

outer membrane proteins (OMPs). A subset of these, called porins, form water-filled 

channels across the outer membrane to facilitate the transport of small hydrophilic 

molecules (NIKAIDO 1996). S. Typhimurium expresses three major porins when 

grown under normal conditions (Luria Bertani broth at 37°C): OmpD (34 kDa), OmpF 

(35 kDa), and OmpC (36 kDa) (LEE u. SCHNAITMAN 1980; NIKAIDO u. VAARA 

1985a; SINGH et al. 1992). At least two other porins, OmpA and OmpW, are also 

described to be expressed by S. Typhimurium. OmpD is found in S. Typhimurium but 

is absent from other gram-negative bacteria, including Escherichia (E.) coli. 

OmpD is homologous with the NmpC and Lc porins in E. coli K-12 (SINGH et al. 

1992), both of which can only be expressed in E. coli K-12 mutants which lack the 

porins expressed normally (RILEY u. KRAWIEC 1987). Moreover, it could be shown 
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that OmpD is located in a region mapping at minute 33.7 on the chromosome of 

S. Typhimurium which is missing in S. Typhi, the etiological agent of typhoid fever in 

humans (SAIER, JR. 1998; SANTIVIAGO et al. 2001). Together, ompD and its 

neighboring gene yddG, a member of the drug/metabolite transporter superfamily, 

have been shown to be required for resistance to methyl viologen, an antimicrobial 

agent that generates superoxide and oxygen radicals (FARR u. KOGOMA 1991; 

SANTIVIAGO et al. 2002). 

The ompD gene encodes the most abundant protein in the outer membrane of 

S. Typhimurium. The primary amino acid sequence is similar to the major porins 

OmpC, OmpF, and PhoE. Together, the three major porins OmpC, D and F account 

for about 1 x 105 to 2 x 105 porin molecules per cell (NIKAIDO u. VAARA 1985a). 

Under favorable growth conditions, the OmpD porin represents about half of the 

porins and has a abundance comparable to that of ribosomal proteins (SANTIVIAGO 

et al. 2003). 

Regulation of ompD gene expression is mediated by adenylate cyclase and cyclic 

AMP regulatory protein (CRP) (NIKAIDO 1996). In addition to catabolite repression, it 

could be shown, that OmpD is upregulated under anaerobic conditions and 

downregulated in response to low pH (SANTIVIAGO et al. 2003). 

The role of the OmpD protein in pathogenesis of Salmonella is controversially 

discussed. Primarily discussed is the involvement of OmpD in adherence of 

S. Typhimurium to human and murine cells, mainly peritoneal macrophages. Based 

on flow cytometry and fluorescence microscopy determining the potential to adhere 

to different cell lines, results of one group (NEGM u. PISTOLE 1999) indicate that 

OmpC is (mainly) involved, whereas results of another group (HARA-KAONGA u. 

PISTOLE 2004) implied a major involvement of OmpD. Focusing on virulence by 

measuring the LD50 Dorman and colleagues (DORMAN et al. 1989) showed a 

reduction in virulence of an ompD::Tn10 mutant (23-fold increase in LD50 between 

wild type and the ompD mutant) whereas Meyer et al. (MEYER et al. 1998) found no 

significant difference in virulence (LD50) as well as in adherence and invasion 

capacities in Balb/c mice using the same Tn10 S. Typhimurium mutant. 
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Salmonella surveillance and eradication programs 

Salmonella surveillance and control program in Denmark 

Increasing numbers of S. Typhimurium isolates from fattening pigs carrying multiple 

resistance determinants against antibiotic drugs pose a serious threat to consumer 

protection (SWANENBURG et al. 2001). Especially strains carrying the phage type 

DT104 deserve serious consideration (MURASE et al. 2000). Though in most cases 

without a critical impact on the animal’s health, Salmonella are being spread through 

contaminations during the slaughtering process and can thereby cause serious 

zoonotic infections in humans consuming the final products. Denmark was the first 

country to adopt a program for Salmonella surveillance with the goal to reduce the 

entry of the pathogen from swine into food production. In 1993 the program was 

started as a control program with the aim to obtain a generally low level of 

Salmonella in pig herds. Sampled herds were classified into three categories based 

on Salmonella herd prevalence (meat juice ELISA). At the same time the goal of a 

low level of Salmonella contamination of pork was also pursued through general and 

specific hygiene measures in the slaughterhouses (FLENSBURG 1999). The Danish 

Salmonella surveillance and control program for pigs operates at all stages of the 

production chain and has been applied nationally since 1995. Due to the program the 

level of Salmonella in Danish pork has declined from 3.5% in 1993 to 0.7% in the 

year 2000. Simultaneously, the number of human cases with salmonellosis due to 

consumption of pork products has declined from approximately 1,144 in 1993 to 166 

in 2000. In the year 2001, a new classification scheme for the serological surveillance 

of finisher herds has been developed and several improvements installed (NIELSEN 

et al. 2001). The individual test cut-off in the mix-ELISA has been changed from 

40 OD% to 20 OD%. Only herds producing more than 200 finishers per year are 

sampled. The Danish Bacon and Meat Council applies a strict penalty system. 

Level 2 and 3 herds get a penalty of 2% and 4% of the value per slaughter carcass, 

respectively. A new method of Salmonella testing on carcasses has been introduced; 

5 carcasses per slaughter day are swabbed at 3 defined areas at 100 cm2 for each 

sample, delivering a more sensitive method than the one used previously. Herds 

infected with multi resistant S. Typhimurium DT104 have to follow special restrictions, 

including a requirement for a herd intervention plan, restriction on livestock trade, and 
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a requirement for special slurry handling. Carcasses from DT 104 infected herds 

must be heat-treated or decontaminated with hot water. 

Salmonella Surveillance and Control Program in Germany 

In 1998 the then German Ministry of Food, Agriculture and Forestry adopted a 

national guideline for the reduction of Salmonella entry in food production through 

slaughterhouse contaminations from pigs in close cooperation with the Ministry of 

Health, Federal State authorities responsible for veterinary issues and the meat 

industry (BUNDESMINISTERIUM FÜR ERNÄHRUNG 1998). Goal of this guideline 

was a step by step reduction of Salmonella entry by monitoring the pig producing 

facilities participating on a voluntary basis. The program was organized in two major 

phases; goal of the first phase was to determine the Salmonella status of the 

participating pig producing facilities, followed by phase two, in which a classification 

in three categories based on the Salmonella prevalence was applied. Herds with 

prevalence below 20% are classified as category I, herds with a prevalence of 

20-40% as category II, and herds with prevalence higher than 40% as category III. To 

assure comparability, sampling, analysis method and evaluation were standardized 

for all participants in the program. Depending on the number of pigs produced per 

year meat juice from a statistically determined number is sampled and tested for 

antibodies against Salmonella using the Salmotype PigScreen ELISA®. The samples 

are taken at the site of slaughter and analyzed in accredited laboratories. Category I 

herds do not face any restrictions, Category II facilities shall take reasonable care to 

improve their Salmonella status assisted by the responsible veterinarian. In cases of 

category III facilities these measures are accompanied by a general inspection of the 

facilities to pinpoint the source of the pathogen entry. All participating facilities that 

fulfill the requirements (number of samples taken, categorization) are classified as 

“Salmonella monitored facility”, with the respective categorization as the mean of the 

quarterly attested prevalence based categories. 

Due to the serology-based method of sample analysis a vaccination strategy, which 

could reduce the colonization of the porcine gut (SPRINGER et al. 2001) is not 

appropriate within this surveillance system. 
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B.3.1 

                                              

Live vaccines 

Live vaccines are attenuated pathogens which have at least partly lost their ability to 

induce undesirable disease symptoms (CURTISS, III 2002). It is of paramount 

importance that the attenuation of the bacterial vaccine is an inherent property of the 

strain and not dependent on fully functional host defenses and immune response 

capabilities. Furthermore, the attenuation should not be reversible by diet or by host 

modification of diet constituents, including the residential microbial flora of the host. 

The development of a persistent carrier state with respect to the vaccine strain 

should be omitted, although it is conceivable that there may be situations in which a 

persisting live vaccine could be beneficial. But most of all, the attenuated vaccine 

should be sufficiently invasive and persistent to stimulate both strong primary and 

lasting memory immune responses. 

For S. Typhimurium only one licensed live vaccine is available in Germany, namely 

Salmoporc®1 (SPRINGER et al. 2001; TU SPEZIAL 2006). It is formulated based on 

a double attenuated S. Typhimurium mutant strain (phage type DT 9), unable to 

synthesize both adenine and histidine, generated by chemical mutagenesis. The 

strain contains a serotype-specific plasmid of 60 MDa; it is sensitive to antibiotics in 

general use, both in human and veterinary medicine, and is distinguishable from field 

isolates of the same serotype on the basis of its auxotrophy using a rapid test (IDT 

Salmonella Diagnostic Kit1) within 24-48 hours. Furthermore, a discrimination by 

molecular biological methods is possible, using plasmid analysis, ribotyping, IS200 

typing and macrorestriction analysis (SCHWARZ et al. 1995). The best method, also 

used to establish the stability of the vaccine strain over 5 passages in animals, was 

found to be macrorestriction with enzymes XbaI, SpeI and BlnI (SCHWARZ et al. 

2003). 

Given orally, the vaccine strain is well tolerated in young pigs, calves, pigeons, 

turkeys and geese (GRUND et al. 1997; KOEHLER et al. 1996; SELBITZ u. 

SPRINGER 1995). In a vaccination study with hybrid swine (Landrace x Pietrain), in 

which the pigs were immunized twice at an interval of 3 weeks by the oral route, it 

 
1 IDT, Dessau-Tornau, Germany 
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could be shown that vaccination with Salmoporc® leads to a reduction in the extend 

of clinical disease as well as to a reduction of the colonization rate of the ileum, 

caecum and the ileocaecal lymph nodes (SPRINGER et al. 2001). A serological 

discrimination of Salmoporc® from Salmonella field strains is not possible. 

Vaccine carrier strains 

Live attenuated bacteria delivered by the oral route are interesting tools for mucosal 

immunization (HUSSEINY u. HENSEL 2005). Genetic manipulation allows the 

generation of attenuated strains that are safe for applications in vaccines and, 

furthermore, the introduction of genes encoding heterologous antigens. Both, 

S. Typhimurium and S. Typhi are suitable organisms for the engineering of live 

recombinant vaccines (MOLLENKOPF et al. 2001). 

A common problem with recombinant bacterial vaccines is the generation of strains 

that allow stable expression of heterologous antigens in the absence of selective 

pressure. Several strategies have been developed to address this requirement. One 

is the balanced lethal plasmid stabilization approach, resulting in the 

complementation of an auxotrophy due to a mutation on the bacterial chromosome 

by a functional allele present on the plasmid that expresses the vaccine antigen 

(CURTISS, III et al. 1990; GALAN et al. 1990). Another approach utilizes genetic 

switches to shift a part of the bacterial population to antigen expression (YAN et al. 

1990). Finally, it is possible to insert DNA fragments for the expression of foreign 

antigens into the chromosome of the carrier strain (STRUGNELL et al. 1990). 

Besides the problem of enhancing expression levels of foreign antigens in the carrier 

vaccine (CURTISS, III et al. 1990), another unsolved issue remains: A serological 

discrimination of the carrier strain from potential pathogenic field strains is not 

possible with any of these S. Typhimurium-based systems. 

DIVA vaccines 

Increasing occurrence of antibiotic resistance in pathogens, as well as the growing 

consumer demand concerning food safety, enhance the relevance of vaccination to 

prevent bacterial infections (VAN OIRSCHOT 1994; WHITE et al. 2002). An ideal 

vaccine for livestock should be inexpensive to produce, easy to use requiring only a 

single application, and highly protective, preventing clinical disease and pathological 
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alterations, as well as colonization, persistence and secretion of the pathogen. A 

central goal of current efforts in vaccine development is to obtain a formulation 

facilitating the generation and maintenance of specified pathogen-free (SPF) herds, 

as this is the best means with respect to long-term animal health and consumer 

protection (GROSSKLAUS 2001). Taking all this into account, the concept of DIVA 

(Differentiation of Infected and Vaccinated Animals) vaccines (VAN OIRSCHOT 

2001) based on the absence of at least one immunogenic protein in the vaccine 

strain which is present in the wild-type parent, could be the solution. The proof of 

concept for field applications has been given for viral DIVA vaccines such as 

pseudorabies virus (PRV) and bovine herpesvirus 1 (BHV1) vaccines (VAN 

OIRSCHOT et al. 1996). Both have been successfully employed in the eradication of 

disease. 

 

As described in the literature review, vaccination of pigs reduces the colonization rate 

of S. Typhimurium in the porcine intestinal tract. Therefore it should be of help in 

maintaining a low Salmonella status in pig producing facilities. Especially facilities in 

prevalence categories II and III should be able to faster improve their Salmonella 

status, if improved hygiene management is accompanied by vaccination of the 

animals. 

The crucial point in such a strategy, however, is the possibility to differentiate 

between infected and vaccinated animals when analyzing meat juice from 

slaughterhouse samples. Unfortunately, no licensed vaccine fulfilling these 

requirements is currently available. 

 

Therefore, the study presented here has the following goal: 
 

- The generation of a live negative marker vaccine to be used as a DIVA 

vaccine, based on the licensed live vaccine Salmoporc®1. 

 
1 IDT, Dessau-Tornau, Germany 
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Therefore the following tasks have to be accomplished: 
 

- The identification of S. Typhimurium proteins, which are sufficiently 

immunogenic to be recognized by the host immune system and specific 

enough to omit cross-reactions with antibodies directed against non-

Salmonella antigens. 

 

- The Generation of an isogenic S. Typhimurium mutant, which is not 

diminished in virulence and protectivity in comparison with its parent strain 

Salmoporc® when used as a vaccine. Furthermore, the principle function of the 

chosen immunogenic protein as a serological marker has to be shown. 

 

- The development of a new serological test that facilitates the discrimination 

between infected and vaccinated animals as a “hand-in-hand” tool for the 

DIVA vaccine. 
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C.1 

C.2 

C.2.1 

C Materials and methods 

Chemicals, reagents and equipment 

Chemicals and reagents used in this study were purchased from Sigma 

(Deisenhofen, Germany), Merck (Darmstadt, Germany) or Roth (Karlsruhe, 

Germany) unless stated otherwise. Media and media ingredients were purchased 

from Difco (Augsburg, Germany) and Oxoid (Wessel, Germany). The origin of 

equipment and specific biologicals is indicated in footnotes. 

 

Bacterial cultures 

Bacterial strains 

Bacterial strains used in this study are listed in Table 1. 
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C.2.2 

                                              

Growth conditions, media, antibiotic solutions and supplements 

Escherichia coli strains were cultured in LB-medium supplemented with the 

appropriate antibiotics (ampicillin, 100 μg/ml; chloramphenicol, 25 μg/ml; kanamycin, 

50 µg/ml); for cultivation of E. coli ß2155 (ΔdapA), diaminopimelic acid (1mM) was 

added. Bacteria were incubated at 37°C either in an incubator1 or in a shaking 

incubator2. 

Salmonella Typhimurium strains were cultured in LB medium (Difco GmbH, 

Augsburg, Germany), on Columbia Sheep Blood (CSB) agar (Oxoid GmbH. Wesel, 

Germany) or on Rambach agar3, S. Typhimurium transconjugants (single crossing-

overs) and transformants were grown in LB medium containing kanamycin 

(40 µg/ml). Counterselection was done in NaCl-free LB medium containing 

10% sucrose. 

 

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 

 

Antibiotic solutions and supplements 
Ampicillin: stock solution, 100 mg/ml in 70% ethanol; a few drops of 

concentrated HCl were added until all substance was 

completely dissolved 

Chloramphenicol: stock solution, 100 mg/ml in 70% ethanol 

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

Crystal violet: stock solution, 1 mg/ml in A. bidest. 

Diaminopimelic acid: stock solution, 100 mM in A. bidest., a few drops of 

concentrated HCl were added until the solution cleared 

IPTG: stock solution, 1M in A. bidest. 

 
1 Heraeus T6320 3PH, Heraeus Instruments GmbH Labortechnik, Hanau, Germany 
2 Incubator shaker Series 25, New Brunswick Scientific Co., Inc., Edison, NJ, U.S.A. 
3 Merck, KGaAG, Darmstadt, Germany 
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C.3 

C.3.1 

C.3.2 

C.4 

C.4.1 

C.4.2 

Bacteriological methods 

Quantification of bacterial growth by optical density  

Five ml overnight culture were inoculated in 45 ml LB broth, grown to an optical 

density at 600 nm (OD600) of approximately 0.3 in the shaking incubator at 37°C and 

180 rpm and then stored on ice for 10 min. An equivalent of 20 ml broth culture with 

an OD600 of 0.3 was inoculated in 180 ml LB broth, and the OD600 was determined 

every 15 min until stationary phase was reached.  

Quantification of colony forming units 

Five ml overnight culture were inoculated in 45 ml LB broth, grown to an OD600 of 

approximately 0.3 in the shaking incubator at 37°C and 180 rpm and then stored on 

ice for 10 min. An equivalent of 20 ml broth culture with an OD600 of 0.3 was 

inoculated in 180 ml LB broth and the OD600 was determined every 15 min until an 

OD600 of 0.5 and 0.9 was reached. The number of colony forming units (cfu) was 

determined via serial tenfold dilution and subsequent plating on Rambach agar 

plates. 

 

Manipulation of nucleic acids 

Plasmids 

The plasmids used in this study are summarized in Table 1. Restriction 

endonuclease 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 manufactures’ 

instructions. Restriction endonucleases, other enzymes, DNA size standards and 

buffers were purchased from New England Biolabs, Frankfurt, Germany, unless 

stated otherwise. 

Primers 

The primers used in this study are summarized in Table 1. Primers were synthesized 

by Invitrogen, Karlsruhe, Germany. 
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C.4.3 

C.4.3.1 

C.4.3.2 

                                              

Isolation of DNA 

Plasmid DNA 

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

following standard procedures (SAMBROOK et al. 1989b) or by using the 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. 1989b)or by using the Gene 

Clean® kit2 according to the manufacturer’s instructions. Centrifugation steps were 

carried out in a micro centrifuge. 

Total genomic DNA of S. Typhimurium 

One plate of an overnight bacterial culture on solid medium was harvested with a 

sterile cotton swab and resuspended in 2.5 ml TE buffer. Bacterial cells were lysed 

by the addition of 10 mM EDTA pH 8,0, 1% SDS and 0.5 mg/ml proteinase K; mixing 

of the solution in a 10 ml polypropylene tube was achieved by 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 of 100 µg/ml and further incubation 

at 37°C for 20 min. DNA was purified by adding 1/5 volume of phenol equilibrated in 

TE buffer (pH 7.8) to the solution and mixing by careful shaking. Afterwards the 

mixture was stored for 1 h at -20°C, followed by thawing in a 55°C water bath. Then 

1/5 volume of chloroform : isoamylalcohol (24:1) was added, mixed, and centrifuged 

at 12,000 rpm for 10 min. The aqueous (top) phase containing DNA was carefully 

removed 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 volumes of 

3M Na-acetate (pH 5.2) and 1 volume of isopropanol. The DNA threat generated by 

careful inversion of the tube was collected with a small pipette tip, washed twice in 

70% ethanol for 5 min and finally in 96% ethanol for 5 min. DNA was dissolved in 200 

µl A. bidest overnight at 4°C. Five µl of the DNA were analyzed by gel 

electrophoresis. 

 
1 Macherey-Nagel GmbH & Co. KG, Düren, Germany 
2 Q-BIOgene, Heidelberg, Germany 
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C.4.4 

 

TE-buffer: 10 mM Tris-HCl (pH 8.0)  

1 mM Na2-EDTA pH 8,0 

Adjust pH with HCl 

Polymerase chain reaction (MULLIS et al. 1986) 

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

Taq DNA polymerase1. The reaction mixtures were prepared on ice by addition of the 

reagents in the order described in Table 2. 

Table 2 PCR reaction mixture 

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 5 pmol/μl 2.5 5 

Taq DNA 
polymerase 5 U/μl 0.5 0.1 0.2 

template - - 5 10 
final volume   25 50 

 

In the case of screening deletion mutants following sucrose counterselection, the 

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

listed in Table 3. PCR products were analysed by gel electrophoresis on a 1.5% 

agarose gel. 

                                               
1 Invitrogen GmbH, Karlsruhe, Germany 
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Table 3 PCR Conditions 

primers PCR protocol 

M13 for, M13 rev 3’ 94°C, (1’ 94°C, 1’ 55°C, 1’ 72°C) x 32; 10’ 72°C 

oOMPDKOMP1, 
oOMPDKOMP2  3’ 94°C, (30’’ 94°C, 1’ 55°C, 3’ 72°C) x 32; 10’ 72°C 

oOMPD-P1-HOM3, 

oOMPD-P2-HOM4 

3’ 93°C, (1’ 93°C (R 1.5°/s), 1’ 40°C (R 1.5°/s), 3’ 72°C) x 3; 
(1’ 93°C (R 1.5°/s), 1’ 45,6°C (R 1.5°/s), 3’ 72°C) x 35; 10’ 
72°C 

oDWST5outa, 
oDWST5outb, 

oOMPDKO1, 

oOMPDKO2 

oOMPD1, oOMPD2 

3’ 94°C, (1’ 94°C (R 1.5°/s), 1’ 54°C (R 1.5°/s), 3’ 72°C) x 35; 
10’ 72°C 

oOMPD_PGEX1, 

oOMPD_PGEX2 
3’ 94°C, (30’’ 94°C, 1’ 61°C, 3’30’’ 72°C) x 31; 10’ 72°C 

C.4.4.1 

C.4.5 

C.4.5.1 

Preparation of DNA template by colony boiling 

A single colony was touched with a 2-200 µl pipette tip picking up part of the colony. 

The material was resuspended in 50 µl TE buffer or A. bidest. in a microtiter plate 

and boiled in a microwave oven for 8 min at 180W. Five µl of this suspension served 

as template in a 25 µl and 50 µl PCR reaction, respectively. As negative control, 50 

µl TE buffer were boiled at the same conditions, and 5 µl were used in the same 

volume of premix. 

Pulsed field gel electrophoresis (PFGE) 

Isolation of agarose-embedded chromosomal S. Typhimurium DNA 

Salmonella Typhimurium strains were grown on LB agar and washed off the plate 

with 3 ml of PETT IV-buffer. The bacterial suspension was adjusted to an 

OD600 of 0.3 and then placed on ice. Five ml of the culture were centrifuged at 

5,000 rpm at 4°C for 10 min, the supernatant was removed and the cells were 

washed once in 5 ml ice-cold PETT IV-buffer. After centrifugation the pellet was 

resuspended in 0.5 ml PETT IV buffer and incubated briefly at 55°C before 0.5 ml of 
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1.2% agarose1 (kept at 55°C) were added and mixed by repeated pipetting. The 

suspension was poured into 100 µl plug molds (Sample CHEF Disposable Plug 

Mold2) and allowed to solidify at 4°C for 10-15 min. The plugs were removed from the 

mold and 5 plugs each were transferred into a polypropylene tube containing 3 ml 

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

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

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

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

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

inactivate residual proteinase K, plugs were washed twice with 2 ml TE-PMSF for 

30 min at room temperature. Plugs were then washed with 3 ml A. bidest. for 15 min, 

which was removed before washing the plugs with 3 ml TE buffer for 30 min and 

stored in 5 ml TE buffer at 4°C over night. Plugs were washed again with 5 ml TE 

buffer for 30 min and finally stored in 5 ml TE buffer at 4°C. 

 

PETT IV-buffer: 1 M NaCl, 10 mM Tris-HCl (pH 8.0), 10 mM EDTA 

lysis buffer:  1 M NaCl, 10 mM Tris-HCl (pH 8.0), 0.2 M EDTA, 0.5% N-

laurylsarcosine, 0.2% sodium deoxycholate, 2 µg/ml RNase, 

1 mg/ml lysozyme 

EPS:    0.5 M EDTA, 1% N-laurylsarcosine, 1 mg/ml proteinase K 

TE-PMSF:  1.5 mM PMSF in TE buffer 

PMSF:   17 mg phenylmethylsulfonyl fluoride3 per ml isopropanol 

Restriction endonuclease digestion of DNA embedded in agarose plugs 

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

equilibrated in three volumes of an appropriate restriction endonuclease buffer 

(supplied by the manufacturer) for 1 h at room temperature. The buffer was removed, 

new buffer was added, and 10 U of enzyme XbaI (AMAVISIT et al. 2005) were used 

to cleave the DNA in the plugs overnight at the temperature appropriate for the 

respective restriction endonuclease. 

 
1 Qbiogene, Heidelberg, Germany 
2 BioRad Inc., Munich, Germany 
3 Serva, Heidelberg, Germany 
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C.4.5.3 

C.4.6 

C.4.6.1 

C.4.6.2 

                                              

Pulsed field gel electrophoresis (SAMBROOK et al. 1989b) 

A 1% agarose1 gel was prepared using 0.5 x TBE buffer (0,89M Tris, 0.02 M EDTA-

Na2-salt, 0.89 M boric acid), cooled to 55°C and poured into a gel casting platform2. 

The gel was allowed to solidify for 15 min before removal of the comb. The gel plugs 

containing the digested DNA were transferred into the slots. Bacteriophage lambda 

concatemers embedded in agarose gel were used as size marker. The slots were 

filled up with agarose gel to prevent buoying upwards of the plugs. The gel was 

placed into the electrophoresis chamber3 and carefully immersed in cold (12°C) 0.5 x 

TBE buffer. PFGE gels were run at 6 V/cm and 14°C with linear ramped switch times 

from 2.2 sec to a final 63.8 sec for 15h. After the run, DNA was stained with ethidium 

bromide in A. bidest. (0.5 µg/ml) for 15 min and destained in A. bidest. for 15 to 30 

min. Gels were documented on a UV transilluminator and photographed with an 

image documentation system4. 

Nucleic acid detection 

Southern blotting 

DNA was cleaved with an appropriate restriction endonuclease and separated by gel 

electrophoresis. The gel was photographed with a ruler on a UV transilluminator prior 

to Southern transfer by capillary blotting onto nylon membrane5 according to 

standard procedures (SAMBROOK et al. 1989b). DNA crosslinking was achieved by 

baking the membrane in an oven6 at 80°C for 120 minutes. 

Labelling of DNA probes with α32P-dCTP 

DNA probes were generated using random priming of PCR products. Briefly, 20 to 

30 ng of DNA in 5 µl A. bidest. were denatured at 100°C for 5 min and placed on ice. 

Then, 10.5 µl of A. bidest., 5 µl OLB solution, 1 µl acetylated BSA (10 mg/ml), 1 µl 

Klenow fragment (5 U/µl) and 2.5 µl α-32P-dCTP (370 kBq/µl) were added, and the 

 
1 Qbiogene, Heidelberg, Germany 
2 BioRad Inc., Munich, Germany 
3 CHEF-DR III pulsed-field electrophoresis system, Bio-Rad, Munich, Germany 
4 BioRad Inc., Munich, Germany 
5 Positive membrane, Appligene, Illkirch, France 
6 Booskamp, Wuppertal, Germany 
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reaction was incubated at room temperature for 4 h. One hundred µl of stop buffer 

were added to stop the reaction. The labelled DNA probe was used immediately or 

stored in a lead container at -20°C for a few days. Immediately prior to use, the 

labelled DNA probe was denatured at 95°C for 5 min. 

 

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, 4.5 mg/ml1  

Stop solution:  20 mM NaCl, 20 mM Tris-HCl (pH 7.5), 2 mM EDTA (pH 8), 

0.25% [w/v] SDS 

Southern hybridization 

Southern hybridization was performed overnight following standard procedures 

(SAMBROOK et al. 1989b)in a hybridization oven2 at 60°C, using a hybridization 

buffer containing 6 × SSC, 0.5% SDS, 5 × Denhardt’s solution and 0.01 M EDTA (pH 

8.0). Blots were washed three times for 30 minutes at 65°C (3 × SSC, 0.5% SDS for 

most applications; for higher stringency, 0.1 × SSC, 0.5% SDS was used), and 

exposed to an X-ray film3. The exposure time was adjusted depending on the signal 

strength. 

20 × SSC:  3 M NaCl, 0.3 M trisodium citrate (pH 7.0)  
50 × Denhardt's solution:  1% [w/v] polyvinylpyrrolidone, 1% [w/v] Ficoll 400,  

   1% [w/v] BSA; in A. bidest. 

 
1 Amersham Pharmacia Biotech AB, Uppsala, Sweden 
2 Mini hybridization oven, Qbiogene, Heidelberg, Germany 
3 Kodak X-OMAT® AR or BioMax, SIGMA, Deisenhofen, Germany 
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C.4.7 Nucleotide sequencing and sequence analysis 

Nucleotide sequencing was done by SEQLAB, Göttingen, Germany. Sequence 

analysis were performed using Basic Local Alignment Search Tool (BLAST) 

(ALTSCHUL et al. 1990)and the DNA Data Bank of Japan (DDBJ; 

http://www.ddbj.nig.ac.jp/). 



 

 41

MATERIALS AND METHODS 

C.4.8 

C.4.8.1 
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Transformation  

Preparation of E. coli competent cells for transformation  

Competent E. coli were prepared using the method described by (HANAHAN et al. 

1991). Escherichia coli cells were grown in 250 ml LB broth with 20 mM MgCl2 to an 

OD600 of 0.3 to 0.4 and then chilled on ice. Cells were harvested by centrifugation at 

4,500 × g and 4°C for 10 min, resuspended in 30 ml ice-cold TFB1 and kept on ice 

for a minimum of 90 min before centrifuged again as described above. The pellet was 

resuspended in 5 ml of ice-cold TFB2; aliquots of approximately 250 µl were 

transferred (using a pre-chilled pipette) to pre-chilled eppendorf tubes and stored at 

-70°C until use. 

 

TFB1: 30 mM potassium acetate, 100 mM RbCl, 10 mM CaCl2, 50 mM MnCl2, 

15% glycerine (pH 5.8) 

TFB2: 10 mM MOPS, 75 mM CaCl2, 10 mM RbCl, 15% glycerine (pH 6.5) 

Both solutions were sterilized by filtration1 and stored at 4°C. 

Transformation of E. coli by heat shock 

The competent cells were thawed on ice, split into 100 µl aliquots and approximately 

0.5 µg DNA or 12.5 µl of a ligation reaction were added. After incubation for a 

minimum of 30 min on ice the cells were placed into a 42°C temperature block2 for 

3 min and then chilled on ice for 2 min. Two hundred µl of LB broth were added, and 

the cells were allowed to regenerate at 37°C for 1 hour before spreading the mixture 

on LB agar plates containing the appropriate antibiotic.

 
1 FP30/0,2 CA-S, pore size 0.2 µM, cellulose acetate, Schleicher & Schuell, Dassel, Germany 
2 Multi-Block Heater, Lab-Line, Kleinfeld-Labortechnik GmbH, Gehrden, Germany 
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C.4.9.1 

Construction of S. Typhimurium isogenic deletion mutants 

One-step inactivation of chromosomal genes using PCR products 

(Datsenko and Wanner 2000) 

Deletions were introduced into S. Typhimurium by use of the red recombinase 

system of the phage lambda. Initially, a PCR-product encoding a chloramphenicol 

resistance cassette framed by FLP Recognition Target Sites (FRT) was obtained by 

PCR from plasmid pKD3 using primers with 5’ overhangs of 43 (forward primer) and 

50 base pairs (reverse primer) homologous to the target gene. In a first 

electroporation pKD46, a helper plasmid with a temperature sensitive replicon, an 

antibiotic resistance marker (bla) and genes coding for the recombination apparatus 

of the phage Lambda (exo, β and ν) under the control of an L-arabinose inducible 

promoter, was introduced into S. Typhimurium. The gene product of exo prevents the 

linear PCR products from being degraded by bacterial exonuclease V. The 

expression of exo, β and ν was induced by addition of 10 mM L-arabinose to the agar 

plates. All these steps were carried out at 28°C to allow replication of the helper 

plasmid. The S. Typhimurium transformants were then made electrocompetent and 

transformed, by electroporation, with the PCR product with overhangs homologous to 

the ompD gene and incubated at 37°C to allow bacteria to be cured of the helper 

plasmid. Successful recombination events were screened for by plating the bacteria 

on LB plates supplemented with 15 µg/ml chloramphenicol. The S. Typhimurium 

transformants were then made electrocompetent and transformed, by electroporation 

with a second helper plasmid, pCP20 with temperature sensitive replicon, expressing 

FLP, an enzyme which cuts DNA at FRT-sites. The antibiotic resistance cassette is 

removed by FLP digestion, resulting in a resistance marker-free S. Typhimurium 

ΔompD mutant which, however, still carries a “scar”-sequence of 86 bp of foreign 

DNA in the chromosome. A temperature shift to 37°C cured the bacteria from the 

plasmid pCP20. 

All obtained mutants were verified by PCR and Southern blot. 
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C.4.9.2 

C.4.9.3 

C.4.9.3.1

Single-step transconjugation system for the construction of isogenic 

S. Typhimurium mutants (OSWALD et al. 1999) 

Deletions were introduced into S. Typhimurium by means of a S. Typhimurium-

Escherichia coli shuttle vector, using the principle of homologous recombination to 

exchange an intact gene for the truncated version of the gene contained in the 

recombinant plasmid. Obtained mutants are absolutely free of foreign DNA.  

Transconjugation from E. coli to S. Typhimurium by filter mating technique 

In this study, the truncated gene cloned in the mutagenesis vectors pROKB2 (R6K ori 

of replication, Tn903-derived kanamycin resistance cassette) was mobilized from 

E. coli ß2155 (Table 1), a diaminopimelic acid auxotrophic donor strain, into the 

S. Typhimurium recipient. The donor was grown on LB-agar plates containing 

50 µg/ml kanamycin, the recipient on Columbia blood agar and incubated for 16 h 

and 44 h, respectively. Cultures were collected with sterile cotton swabs and 

resuspended in TNM buffer in separate tubes (E. coli ß2155 must not be 

resuspended by vortexing, as this may damage the conjugation apparatus). Cell 

density was determined at OD600. Three nitrocellulose discs (0.45 µM pore size, 2.5 

cm diameter) were placed onto sterile gel blotting paper in a Petri dish, and aliquots 

corresponding to 0.1 ml donor and 0.8 ml of recipient (each at OD600 = 1) were 

carefully mixed. Aliquots of 450 µl of the mixture were transferred onto nitrocellulose 

discs placed on 3 MM filter paper, allowing the buffer to be absorbed. Two controls, 

containing either the donor or the recipient, were also transferred onto separate 

nitrocellulose discs. All discs were then transferred onto prewarmed LB agar plates 

(supplemented with 1mM diaminopimelic acid) and incubated at 37°C for 6 h. 

Following incubation, each filter was placed in a microcentrifuge tube containing 600 

µl LB broth; the bacteria were washed from the membrane by vortexing, and the 

suspension was plated onto an LB agar plate supplemented with 40 mg/ml 

kanamycin and incubated at 37°C over night. Colonies were subcultured and 

screened via PCR with ompD-specific primers. Colonies containing both the wild type 

and the truncated ompD genes were considered potential single-crossing-overs. 

 Sucrose counterselection 

A single colony of S. Typhimurium confirmed to carry the kanamycin resistance 

determinant on the chromosome resulting from a plasmid cointegrate, was inoculated 
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C.5 

C.5.1 

C.5.1.1 

C.5.1.2 

                                              

over night. Salt-free LB broth containing 10% surcrose, inoculated with 2.5 µl of the 

over night culture, was incubated at 37°C in a shaking incubator (200 rpm) for 4h. 

Bacteria carrying the plasmid cointegrate with the gene encoding levansucrase 

(sacB), are not able to grow in presence of sucrose, whereas bacteria which have 

undergone a second crossing-over, thereby losing the construct with either the wild 

type or the truncated form of the target gene, are able to grow. Fifty µl of the culture 

were plated on LB agar and  incubated over night at 37°C. The remaining cell 

suspension was stored at 4°C for 72h and then plated on LB agar. Single colonies 

were being picked and replica-plated on LB agar with (40 µg/ml) and without 

kanamycin. The genotype of kanamycin-sensitive colonies was determined by PCR 

and verified by Southern blot. 

 

Manipulation of proteins 

Preparation of proteins 

Preparation of proteins from S. Typhimurium by whole cell lysis 

Salmonella Typhimurium was grown as described in chapter B 2.1. Bacteria were 

harvested by centrifugation at 4°C and 7,000 × g for 10 min. The supernatant was 

removed; the cells were resuspended in 500 µl 50 mM Tris-HCl (pH 7.3) and stored 

at -70°C. The cells were ruptured using a FastPrep instrument1, using a setting of 

3 x 40 sec with the intensity 5.0. Unbroken cells were removed by centrifugation at 

16,000 × g in a benchtop centrifuge2 for 10 min. The supernatant was transferred into 

a new microcentrifuge tube and stored at -70°C. 

Preparation of outer membrane-associated proteins by detergent wash 

Preparation of outer membrane-associated proteins was performed by the method 

described by Goethe and coworkers (GOETHE et al. 2000). Briefly, 150 ml cultures 

were cultured to an OD600 of 0.7 and then centrifuged for 10 min at 8,000 × g. 

Supernatant was discarded and cells were resuspended in detergent wash buffer 

 
1 FastPrep® FP120, B101 Thermo Savant, Qbiogene, Heidelberg, Germany 
2 Centrifuge 5415D, Eppendorf AG, Hamburg, Germany 
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(NaCl [150mM], Tris-HCl [10 mM, pH 8.0]; sodium deoxycholate [0.05%], sodium 

azide [0.04%]). After incubation for 30 min in a shaking incubator2 cultures were 

centrifuged for 10 min at 7,000 × g. The cell-free supernatant (CFS) containing 

surface-associated proteins, was sterile–filtered and stored at -20°C until further use. 

Protein concentrations were determined as described in B 5.2. For two-dimensional-

polyacrylamide gel electrophoresis (2D-PAGE) the supernatant was precipitated 

overnight with trichloroacetic acid (TCA; 10% final concentration). After centrifugation 

for 15 min at 12,000 rpm and 4°C in a centrifuge1, pellets were washed twice with 

pure acetone, resuspended in A.bidest. and stored at -20°C. 

Membrane preparation via sarcosyl solubilisation (HANCOCK u. 

NIKAIDO 1978) 

Bacteria were grown overnight in 100 ml LB broth at 37°C in a shaking incubator and 

harvested by centrifugation (7,000 x g, 10 min.). Cells were resuspended in Tris-HCl 

(50 mM,, pH 8.0), with sucrose (25% w/v), and frozen at -70°C. After thawing, 

bacteria were incubated with lysozyme (2 mg/ml) and sarcosyle (2% w/v) for 1h, 

followed by sonication. The lysate was centrifuged (15,000 x g, 30 min), followed by 

ultracentrifugation of the supernatant (100,000 x g, 90 min). The resulting pellet was 

resuspended in 100 µl H2O and stored at -20°C. 

Generation of recombinant truncated OmpD protein using the glutathione-

S-transferase (GST) translational fusion technology 

Cloning of the ompD gene in pGEX5x-3 

The ompD gene, lacking its 5’ 63 bp was amplified by PCR using primers 

oOMPD_pGex1 (carrying a BamHI restriction site at the 5´end) and oOMPD_pGex2 

(carrying an XhoI restriction site at its 5’end). The PCR product was restricted with 

BamHI and XhoI and ligated into expression vector pGEX5x-3, resulting in vector 

pSOM500 (Figure GST). The expression vector pSOM500 encodes a GST-OmpDC 

fusion protein composed of a total of 574 amino acid residues, including the C-

terminal part of OmpD starting at Ala234 up to the terminal Phe574.  

 
1 Centrifuge 5810R, Eppendorf AG, Hamburg, Germany 
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 Preparation of aggregated fusion protein 

High-level expression of GST-OmpD in E. coli led to the formation of inclusion 

bodies, which comprise dense, insoluble aggregates. E. coli DH5α carrying the 

plasmid pSOM500 was grown overnight in 200 ml LB broth supplemented with 100 

µg/ml ampicillin and 1% glucose. Cells were harvested by centrifugation (7,000 x g, 

10 min.), washed twice with 50 ml of LB broth and finally resuspended in 200 ml LB 

broth supplemented with 100 µg/ml ampicillin and 1 mM IPTG to induce expression. 

The culture was inoculated at 37°C for 2h in a shaking incubator followed by 

harvesting of the cells by centrifugation (7,000 x g, 10 min.). The pellet was 

resuspended in 5 ml 50 mM Tris-HCl (pH 8.0) with 25% sucrose and was frozen 

overnight at -70°C. After thawing, lysozyme (1 mg/ml) was added followed by 10 min. 

of incubation on ice. Ten ml of a 5:4 mixture of 2x RIPA and TET buffer were added 

to the suspension and incubated on ice for 10 min. The cells were sonicated until the 

suspension was opalescent and its viscosity highly reduced. A final centrifugation 

yielded a transparent pellet which mainly consists of the aggregated fusion protein. 

The pellet was taken up in 100 µl A. bidest. and stored at -20°C. 

 

2x RIPA 20 mM Tris-HCl [pH 7.4], 300 mM NaCl, 2% sodium-

deoxycholate, 2% Tertigol 

TET   100 mM Tris-HCl (pH 8.0), 50 mM EDTA (pH 8.0), 2% Triton-X 

100 

Determination of protein concentration 

Protein concentrations were determined using the Micro BCA® Protein Assay1 in 96 

well microtiter plates according to the manufacturer's instructions. Protein samples 

were diluted appropriately. The assay was read in an ELISA reader2 at a wavelength 

of 550 nm.  

 
1 Pierce Micro BCA® Protein Assay, Pierce, Rockford, U.S.A. 
2 MR5000, Dynatech Laboratories Inc., Alexandria, U.S.A. 
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Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE)  

Discontinuous SDS-PAGE was performed following standard procedures 

(SAMBROOK et al. 1989a) using a Protean II Minigel system1. 

Two-dimensional-polyacrylamide gel electrophoresis (2D-PAGE) 

Sample preparation 

An appropriate amount of protein (500 µg of detergent wash proteins for analytical 

gels, for gels for Western Blotting, and for preparative gels) was precipitated with 

trichloroacetic acid (TCA; final concentration 10%) overnight at 4°C and pelleted by 

centrifugation for 15 min at 13,600 x g in a benchtop centrifuge. The pellets were 

washed twice with ice-cold pure acetone and solubilized in 180 µl of cell lysis puffer 

containing 7 M urea, 2 M thiourea, 4% w/v CHAPS, 2 mg/ml Dithiothreitol (DTT) and 

10 µl/ml IPG buffer. Prior to isoelectric focussing, insoluble material was removed by 

centrifugation at 13,600 x g in a benchtop centrifuge. 

First dimension: Isoelectric focussing 

Immobiline®DryStrips2 (24 cm, pH 4 – 10) were rehydrated overnight with 450 µl 

rehydration puffer containing 7 M urea, 2 M thiourea, 4% w/v CHAPS, 2 mg/ml 

dithiothreitol (DTT) and 10 µl/ml IPG buffer. On the following day, protein samples 

were loaded on the rehydrated Immobiline®DryStrips and subsequently focused 

using an Ettan IPGphor®  3 for 16 h in a series of time blocks with increasing voltage: 2 

h 100 V, 1 h 500 V, 1 h 1000 V, 3 h 4000 V gradient, 3 h 8000 V gradient, 6 h 

8000 V. 

Second dimension: SDS-PAGE 

Prior to running the second dimension, the strips were equilibrated for 10 min by 

rocking in a solution of 50 mM Tris-HCl (pH 8.8), 6 M urea, 30% (v/v) glycerol, 2% 

(w/v), a few grains Bromophenol blue, and 10 mg/ml DTT followed by an additional 

 
1 BioRad Inc, Munich, Germany 
2 Amersham Pharmacia Biotech AB, Uppsala, Sweden 
3 Amersham Pharmacia Biotech AB, Uppsala, Sweden 
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10 min of equilibration in the solution containing 25 mg/ml iodoacetamide instead of 

DTT. Proteins were separated in the second dimension by SDS-PAGE at 15°C and 

100 V over night in an Ettan DASTsix Electrophoresis System®1. 

Protein detection 

Protein stains 

Preparative 2D gels and SDS-PAGE gels were stained with Coomassie Brilliant Blue 

R250. Proteins in analytical 2D gels as well as SDS-PAGE gels were visualized using 

a modified protocol of the silver staining method of Blum (RABILLOUD 1999).  

Western blotting 

Western blotting of the SDS-PAGE minigels was done using the Mini Trans-Blot® 

system2. Proteins were transferred to a nitrocellulose membrane3 as described by 

(SAMBROOK et al. 1989a) for 30 min at 50 V. Western blotting of 2D gels was done 

using a NovaBlot® semidry-protein transfer system4 as described by (KYHSE-

ANDERSEN 1984) 

Immunoblotting using alkaline phosphatase-conjugated antibodies 

Immunoblotting was performed according to standard procedures using an alkaline 

phosphatase-conjugated goat anti-rabbit IgG antibody or goat anti-swine IgG5, 

diluted 1:2,000, 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. 1989a). Rabbit sera raised against recombinant proteins as well 

as convalescent sera and sera of immunized pigs were used as indicated in Table 4. 

 
1 Amersham Pharmacia Biotech AB, Uppsala, Sweden 
2 BioRad Inc., Munich, Germany 
3 Protran BA85 0.45 µM, Schleicher and Schuell, Dassel, Germany 
4 Amersham Pharmacia Biotech AB, Uppsala, Sweden 
5 Jackson ImmunoResearch Laboratories, Dianova, Hamburg, Germany 
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Protein identification by Quadropol-time of flight mass 
spectrometry  

Proteins of interest from outer membrane-associated proteins were analyzed using 

quadropol-time-of-flight (Q-TOF) mass spectrometry (MS) as follows: The spots were 

excised from the gels and digested as described previously (HUNT et al. 1986). 

Extracted peptides sequences were determined from MS/MS fragmentation data 

recorded on a Q-TOF Ultima1. Proteins were identified using the program Masslynx 

V.4.0 and Proteinlynx 2.1 searching against NCBI´s bacterial genomes 

(http://www.ncbi.nlm.nih.gov). 

Peptide spot array 

Synthesis of peptide spots 

The spot-synthesis is a technically simple variant of the chemical peptide solid phase 

synthesis with conventional Fmoc/tBu-chemistry (MERRIFIELD 1963; STEWART u. 

YOUNG 1984) for the positionally addressable, parallel chemical synthesis on a 

membrane support as developed by Frank and coworkers (FRANK 1992). 

Based on this technique overlapping 15-mers of the OmpD protein were synthesized 

on a cellulose membrane in order to identify immunogenic epitopes of the protein.  

A typical continuous epitope of nine amino acid residues is defined by three adjoining 

immunoreactive spots of 15-mers, each overlapping the neighboring one by twelve 

amino acids, and can be identified in a peptide spot array using sera directed against 

OmpD protein or S. Typhimurium, respectively. 

Principle of the method and preparation of membrane and peptides 

When dispensing a small droplet of liquid onto a porous membrane, the droplet is 

absorbed and forms a circular spot. Using a solvent of low volatility containing 

appropriate reagents such a spot can form an open reactor for chemical conversions 

involving reactive functions anchored to the membrane support, e.g., conventional 

solid phase synthesis. The volume dispensed and the absorptive capacity of the 

membrane determine the spot size. Synthetic steps common to all spot reactors are 

carried out by washing the whole membrane with respective reagents and solvents. 
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Chemical and technical performance of this type of simultaneous parallel solid phase 

synthesis has so far been optimized for the assembly of arrays of peptide sequences 

up to a length of 20 residues utilizing conventional mild Fmoc/tBu chemistry. The 

membrane supports are of specially selected, pure cellulose chromatography paper, 

and are chemically derivatized to carry spots of dipeptide anchors, such as βAla-

βAla-anchor for the preparation of immobilized peptides. 

Arrays of spots providing suitable anchor functions for peptide assembly on cellulose 

membranes are most easily generated by a two-step procedure, including first, the 

preparation of “amino” paper through esterification of an αN-Fmoc-protected amino 

acid to available hydroxyl functions on the cellulose fibers of the whole sheet, 

followed by Fmoc cleavage and second, spotwise coupling of another Fmoc amino 

acid or suitable linker compound. During the second derivatization step, the array of 

spot reactors is generated and all residual amino function between the spots is 

blocked by acetylation. 

The membrane was prepared at the GBF Braunschweig, Germany, by R. Frank. A 

total of 120 15-mer peptide spots were dotted on the membrane encompassing the 

whole OmpD precursor protein. 

Antibody-Binding assay 

Analogous to the Western blot protocol, this procedure is worked out for use with 

alkaline phosphatase (AP)-conjugated secondary antibody detection. Due to the 

ester bonds which link the peptides to the cellulose membrane all buffers had to be of 

pH 7.0 or below. Ester bonds are labile to alkaline hydrolysis in aqueous medium of 

pH > 7.0. 

 

The membrane was wetted with ethanol to enhance salvation of hydrophobic peptide 

spots. Afterwards it is washed three times with Tris buffered saline (TBS; 10 mM Tris 

pH 7.0, 154 mM NaCl, pH 7.0) for 10 min., and finally incubated over night at 4°C in 

10 ml of membrane blocking solution MBS (pH 7.0]), (80% v/v T-TBS [pH 8.0], 20% 

v/v Casein Based Blocking Buffer Concentrate2, 5% w/v sucrose). After washing with 

10 ml of T-TBS (pH 7.0), the membrane was incubated with a porcine hyperimmune 

 
1 Waters, Milford, USA 
2 Genosys Biotechnology, Cambridge, England 
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serum raised against the S. Typhimurium vaccine Salmoporc® for 2h. The test serum 

was diluted 1:200 in MBS. Following repeated washing with T-TBS (three times) the 

membrane was incubated for 1h with the AP-conjugated secondary antibody, diluted 

1:20,000 in MBS. 

Following the second incubation the membrane was washed twice with T-TBS and 

twice with Citrate-buffered saline (CBS [ph 7.0]). The spots were developed by 

incubation in color developing solution (CDS) (CDS is CBS [pH 7.0] supplemented 

with 5 nM MgCl2, 0.024% 5-bromo-4-chloro-3-indolylphosphate p-toluidine salt 

[BCIP], 0,03% 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide [MTT]) 

without agitation over night. The reaction was stopped by washing blots twice with 

PBS. Membranes could be stored wet (in PBS) at 4°C. 

Stripping of the membrane 

After successful documentation of signals, the membrane could be stripped of bound 

antibodies as well as the blue spot signals in order to run a second antibody-binding 

assay. Therefore, the membrane was washed twice with 20 ml of water, before being 

incubated with 20 ml of dimethylformamide (DMF) in a sonication bath until the blue 

color of the spot signals was dissolved, followed by incubation with fresh DMF for 10 

min. The membrane was washed three times with 20 ml of water for 10 min. In order 

to remove remaining antibodies bound to the membrane, it was incubated three times 

with 20 ml of stripping mix A (SM-A; 8M urea, 1% SDS in PBS [pH 7.0]) in a 

sonication bath at 40°C, followed by washing thrice with stripping mix B (SM-B; 10% 

acetic acid, 50% ethanol, 40% water). To complete the stripping procedure the 

membrane was washed three times with ethanol, dried, and stored at -20°C in a 

plastic bag. 
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Enzyme Linked Immuno-Sorbent Assay (ELISA) 

ELISA with recombinant OmpD fusion protein as solid phase antigen 

Coating of ELISA plates with recombinant OmpD fusion protein 

Recombinant OmpD fusion protein, generated as described in B 5.1.3, was coated 

on 96-well Polysorp®1 ELISA plates using carbonate coating buffer (50 mM [pH 9.6]) 

with a dilution of 0.5 µg fusion protein per ml overnight and stored at -20°C until 

usage. 

 Establishment of an ELISA using recombinant OmpD fusion protein as 

solid phase antigen 

Reactivity of GST-OmpD fusion protein with porcine hyperimmune serum directed 

against S. Typhimurium vaccine Salmoporc® and corresponding pre-immune serum, 

as well as porcine convalescent sera of pigs previously tested positive for 

S. Typhimurium in a commercial ELISA and of porcine sera from an infection study 

with S. Derby, was assessed in an ELISA based on the GST fusion-protein as solid-

phase antigen. Hyperimmune and corresponding negative serum were diluted 1:200, 

and sera of convalescent pigs were diluted 1:50. Serum dilutions and goat anti-pig 

peroxidase conjugates2 were each incubated for 1 h at room temperature. The ELISA 

was developed using 2,2-azino-di-[3-ethylbenzithiazoline sulfonate] (ABTS3) as a 

substrate. Pre-immune and serum of gnotobiotic piglets serum was used as negative 

control. 

ELISA with synthetic peptides as solid phase antigen 

 Synthesis of biotinylated peptides  

Immunogenic epitopes of the OmpD protein identified in a peptide spot array have 

been synthesized as biotinylated nonamer peptides by Peptide Specialty 

Laboratories GmbH, Heidelberg, Germany. The biotin residue is linked to the 

peptides via an amino-terminal 2-aminohexanoic acid linker (Ahx-linker). The 

 
1 Nunc GmbH & Co. KG, Wiesbaden, Germany 
2 Dianova, Hamburg, Germany 
3 Roche Diagnostics, Mannheim, Germany 
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peptides have been quality-controlled using High Performance Liquid 

Chromatography (HPLC). Lyophilized peptides were resuspended in aqua bidest. to 

obtain stock solutions as indicated in Table 5. 

Table 5 Synthesized immunogenic peptides 

Synthetic peptides 

Name Length ID-No. Delivered 
amount Stock conc. AS-sequence 

P1 9 53-07-05 14,9 mg 10 mg/ml Biotinyl-Ahx-KLDLYGKVH 

P2 9 53-08-05 6,2 mg 5 mg/ml Biotinyl-Ahx-FAGLKFADY 

P3 9 53-09-05 13,2 mg 10 mg/ml Biotinyl-Ahx-IAYLKSKGK 

P4 9 53-10-05 5,4 mg 5 mg/ml Biotinyl-Ahx-INLLDDSDF 

C.5.8.2.2 

C.5.8.2.3

                                              

Linking of synthetic peptides onto streptavidin-coated plates 

In order to link the synthetic peptides with streptavidin on 96-well Immobilizer plates1 

100 µl of peptide solution (25 µg/ml) per well was incubated overnight at 4°C. Plates 

were stored at -20°C until usage. Peroxidase-coupled biotin was used to control for 

uniform coating of streptavidin on the Immobilizer plates in the peptide ELISA 

experiments. 

 Establishment of an ELISA using synthetic peptides as solid phase 

antigen 

Reactivity of four immunogenic epitopes of the OmpD protein with three groups of 

porcine sera from a vaccination experiment (for details see B 6.2), one directed 

against S. Typhimurium vaccine Salmoporc®, a second directed against a S. 

Typhimurium Salmoporc® ΔompD mutant, and a third from non vaccinated control 

pigs, was assessed in an ELISA based on synthetic peptides as solid-phase antigen. 

A pool of all sera of pigs vaccinated with Salmoporc® was used as positive control. A 

pool of pre-immune sera from all animals after the arrival at the facility was used as 

negative control. Both pools were diluted 1:5. The test sera from all three groups at 

different time-points during the experiment were diluted 1:20. Plates were blocked 

with blocking buffer (1x TBST, 5% gelatine) for one hour at room temperature before 

the ELISA experiments. Serum dilutions and goat anti-pig peroxidase conjugates 

 
1 Nunc GmbH & Co. KG,  Wiesbaden, Germany 
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were each incubated for 1 h at room temperature. The ELISA was developed using 

2,2-azino-di-[3-ethylbenzithiazoline sulfonate] (ABTS) as a substrate. 

 

Virulence studies 

Virulence study in an infection model using Balb/c mice1 

Virulence of S. Typhimurium ΔompD was assessed in an infection model determining 

the 50% lethal dose (LD50) in Balb/c mice in comparison to the parent strain. The 

animals, 32 female Balb/c mice with 17-20 g bodyweight, were infected pairwise with 

1x102 to 1x108 colony forming units (cfu) with either the parent or the mutant strain 

and observed for 19 days post infection. Spleen and liver of animals dying during the 

time of observation were cultured for possible reisolation of the respective strain; 

isolated Salmonella colonies were identified using the IDT Salmonella Diagnostic 

Kit®2, and a PCR with primers oOMPDKOMP1 and oOMPDKOMP2, facilitating the 

differentiation of S. Typhimurium ΔompD mutant. The LD50 was calculated using the 

Probitanalysis software3. The virulence study was done by Dr. S. Springer in Dessau, 

Germany. 

Vaccination study in pigs 

The S. Typhimurium ΔompD mutant constructed in this study was used as an oral 

vaccine in a vaccination study in pigs in comparison to the parent strain (the 

commercially available Salmoporc®4), and a group of non-vaccinated pigs. All pigs 

were infected with S. Typhimurium DT104 27/96 after two vaccinations, respectively. 

The age of the piglets at the first oral vaccination was 25 – 28 days. 

 
1 Charles River Deutschland, Kisslegg, Germany 
2 Impfstoffwerk Dessau-Tornau 
3 SPSS Inc., Chicago, Illinois 
4 Impfstoffwerk Dessau-Tornau 
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Timeline of the experiment 

Day -7: Blood samples taken for enzyme linked immunosorbent assay (ELISA) 

SALMOTYPE PigScreen®1 from piglets and corresponding sows for 

selection of Salmonella free piglets 

Day -1: Arrival at the facility. Clinical examination (including determination of 

body temperature); randomization in three groups (group 1: 6 animals; 

group 2: 9 animals; group 3: 6 animals) 

Day 0: Clinical examination (including determination of body temperature); 

Blood samples taken for enzyme linked immunosorbent assay (ELISA) 

with Pig-Screen® and peptide-based ELISA; first oral vaccination of 

groups 1-3 (group 1: Salmoporc®; group 2: S. Typhimurium ΔompD 

mutant (6 x 108 cfu/ml); group 3: placebo) 

Days 1-7: Clinical examination (including determination of body temperature) 

Day 7: Blood samples taken 

Day 14: Blood samples taken 

Day 20: Clinical examination (including determination of body temperature) 

Day 21: Clinical examination (including determination of body temperature); 

blood samples taken; second oral vaccination of groups 1-3 (group 1: 

Salmoporc®; group 2: S. Typhimurium ΔompD mutant (6 x 108 cfu/ml); 

group 3: placebo) 

Days 21-28: Clinical examination (including determination of body temperature) 

Day 28: Blood samples taken 

Day 35: Blood samples taken 

Day 42: Clinical examination (including determination of body temperature) 

Day 43: Clinical examination (including determination of body temperature); 

blood samples taken; oral infection of all three groups with 

S. Typhimurium DT104 27/96 strain (1.69 x 109) 

Days 42-49: Clinical examination (including determination of body temperature) 

Day 50: Blood samples taken; euthanasia and post mortem examination of 

some animals 

Day 57: Blood samples taken 

 
1 Labor Diagnostik GmbH, Leipzig, Gemany 
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Day 65: Blood samples taken; euthanasia and post mortem examination of all 

remaining animals 

Origin and housing of the animals 

Piglets 21 – 25 days of age were purchased from a S. Typhimurium-free herd (no 

clinical symptoms, no serological response in the Pig Screen® ELISA), randomly 

assigned to the different groups, and cared for in accordance with the principles 

outlined in the “European Convention for the Protection of Vertebrate Animals Used 

for Experimental and Other Scientific Purposes” (European Treaty Series, no. 123: 

http://conventions.coe.int/treaty/EN/V3menutraites.asp; permit no. 33.42502/05-09.05]. 

Absence of S. Typhimurium specific antibodies was confirmed by serological 

examination of blood samples taken prior to purchase. Groups were housed in 

separate isolation units with controlled temperature and ventilation. 

C.6.2.3 

C.6.2.4 

C.6.2.5 

Preparation of bacteria for oral infection 

For oral infection, a 50 ml culture was inoculated with 5 ml of an overnight liquid 

culture of the S. Typhimurium DT104 strain 17/96 and grown with shaking at 37°C to 

an OD600 of 0.9. The culture was placed on ice for 10 minutes, and kept on ice until 

use for a maximum of 2 h. Piglets were infected twice with a dose of 5x108 cfu/ml, 

resulting in a total dose of 1x109 cfu/ml. Inoculum doses were determined 

immediately after infection via serial dilution and subsequent plating on Rambach 

agar plates supplemented with ampicilin [100 µg/ml]. 

Oral infection of the piglets 

Infections were carried out using a bent knob cannula1 and syringe to administer the 

appropriate dose of S. Typhimurium DT104 strain 27/96 to the piglets three weeks 

after the second immunization via the oral route. 

Surveillance of the animals during the experiment 

Body temperature, feeding behavior, and clinical symptoms were recorded at least 

daily for each individual pig or as needed. A clinical scoring system was employed to 

assess the clinical condition of each individual animal as follows: A score of one was 

given for each, the occurrence of fever (rectal temperature ≥ 40°C), lack of appetite 

http://conventions.coe.int/treaty/EN/Menuprincipal.htm;
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and diarrhea / vomitus / lethargy, resulting in a minimum clinical score of zero and a 

maximum score of four per day; the added daily clinical scores of days 1 to 7 were 

designated as the total clinical score. Statistical analysis of the total clinical score was 

performed using the Wilcoxon Test. 

Post mortem examination 

Pigs were euthanized on day 7 or 21 post infection (depending on the experimental 

setup) by intravenous injection of 6-10 ml of Eutha 77® 2 per pig. 

Bacteriological examination of organ samples 

In order to determine the protective efficacy of the respective vaccine with respect to 

colonization of Salmonella in the intestine of piglets, organ samples were taken at the 

post mortem examination at day 7 post infection. Five or six pigs in each group were 

sacrificed, and samples of ileocaecal lymph nodes, ileum (approximately 10 cm 

cranial of the ileocaecal valve) and caecum (apex of the caecum) were taken. Of the 

intestinal organ samples 0.1 g of mucosa was scraped with a scalpel and taken up in 

1 ml of physiological NaCl, resulting in a suspension with a 1 to 10 dilution ratio which 

was homogenized using a bead beater®1. Beginning with this suspension, tenfold 

dilution steps (down to 107) were plated on Rambach agar containing 100 µg/ml of 

ampicillin in order to suppress the growth of other Enterobacteriaceae and incubated 

overnight at 37°C. Salmonella colonies grown were counted, and the number of 

cfu/ml was calculated. Due to the occurrence of ampicillin resistant E. coli strains 

some of the organ samples were subjected to enrichment of the tenfold dilutions for 

48 hours in Rappaport-Vassiliadis-medium at 42°C prior to plating as described 

above.  

Ileocaecal lymph nodes were cut to pieces with a scalpel before homogenizing with 

the bead beater and plated on Rambach agar with or without ampicillin (100 µg/ml) 

as described for intestinal organ samples. Additionally, lymph nodes were plated as 

swap cultures and fractionated twice. A score for reisolation of 0 was given if S. 

Typhimurium colonies grew only in the swabbed area, and a score of 1 was given if 

colonies were found in the fractionated streaks. 

 
1 MediQuick, Georgsmarienhütte, Germany 
2 Pentobarbital, Essex Pharma, Munich, Germany 



 

 60

MATERIALS AND METHODS 

C.7 

 

In silico tools 

The database tools and algorithms used in this work are summarized in Table 6. 

Table 6 Databases and in silico tools used in this study. 
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D.1 

D.1.1 

D Results 

Sequencing of transconjugation plasmids 

Sequencing of plasmid pROKB1 

Based on the pROKB1 sequence components available in databases, namely the 

kanamycin resistance determinant (kan), the β-lactamase resistance determinant 

(bla) of pBluesscript SK, the gene encoding the levansucrase of Bacillus subtilis 

(sacB), the lacIq repressor gene of E. coli, and the mobRP4 region of plasmid RP4 of 

E. coli, unknown parts of the plasmid were identified and sequenced. The transitions 

between these regions as well as the sequence of the ori R6K were unknown. Using 

primer oLACI which is positioned at the beginning of the lacIq gene the transition 

between lacIq and kan was sequenced. Primer oPROKseq1 positioned at the end of 

the lacIq repressor gene was used to sequence the transition between lacIq and bla. 

The region following the bla gene was sequenced using primer oPROKseq6 in order 

to obtain the transition to the mobRP4 region of the plasmid. Starting from the 

beginning of the sacB gene primer oPROKseq2 was used to sequence the transition 

between sacB and mobRP4 where the ori R6K is located. This part of the sequence 

could be verified using primer oPROKseq4, thus completing the sequencing of 

plasmid pROKB1 (Fig. 1; acc. no. AM180349). 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=84660253
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Fig. 1. Transconjugation plasmid pROKB1. Solid boxes and arrowheads indicate the 

positions and orientations of the important features of the plasmid. bla, ampilicin 

resistance determinant; kan, kanamycin resistance determinant; lacIq lac repressor 

gene; sacB, gene encoding levansucrase of B. subtilis. Black arrowheads inside the 

plasmid circle indicate the localisations and orientations of the primers used for 

sequencing. 

D.1.2 Construction and sequencing of plasmid pROCKB2 

A multi cloning site (MCS) was inserted in plasmid pROKB1 by ligation with the 

annealed product of the phosphorylated primers oPROKpoly1 and oPROKpoly2 after 

SacI digestion. Subsequent sequencing with primer oLACI showed that the MCS was 

inserted twice in pROKB1 resulting in plasmid pROCKB2 (Fig. 2) (acc. No. 

AM180348).  

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=84660248
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Fig. 2: Construction of plasmid pROCKB2. Solid boxes and arrowheads indicate the 

positions and orientations of the important features of the plasmid. bla, ampilicin 

resistance determinant; kan, kanamycin resistance determinant; lacIq, lac repressor 

gene; sacB, gene encoding levansucrase of B. subtilis. 

D.2 Identification of immunogenic outer membrane proteins of 
S. Typhimurium 

The first step in the generation of a live DIVA vaccine is the selection of a suitable 

marker for differentiation. Thus, we started by separating outer membrane proteins 

from a detergent wash in a two dimensional sodium dodecyl sulphate polyacrylamide 

gel electrophoresis (2D-SDS-PAGE), followed by immunoblots with different sera 

directed against Salmonella and S. Typhimurium in special. Suitable candidates were 

defined as those proteins which were easily detectable by all three Salmonella sera 
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D.2.1 

used in this experiment. Sequencing by quadrupole time-of-flight (Q-TOF) mass 

spectrometry delivered several outer membrane proteins of S. Typhimurium, of which 

the outer membrane porin OmpD was chosen as a candidate for a marker. 

Two dimensional SDS-PAGE and immuno blot of outer 
membrane proteins of S. Typhimurium 

Outer membrane proteins, extracted and concentrated in a sodium deoxycholate 

detergent wash (GOETHE et al. 2000) where separated on a two dimensional SDS-

Page of pH spectrum 4-7 (Fig. 3).  

 

Fig. 3: 2D-SDS-PAGE of outer membrane proteins of S. Typhimurium. Encircled spots were 

identified using Q-TOF MS/MS; 1 – DWST1 (Ef-tu), 3 – DWST3 (homolog of 

Acinetobacter sp. outer membrane protein), 4 – DWST4 (OmpC), 5 – DWST5 

(OmpD) 

 

After transferring the proteins to nitrocellulose membranes, they were treated with 

three sera, respectively; namely, A, a pool of sera of pigs tested positive in a 
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commercial ELISA for S. Typhimurium diagnostics (SALMOTYPE® Pig Screen 

ELISA1), B, a pool of porcine sera from a S. Derby infection study (Fig. 4 A+B) and 

C, a hyperimmune serum from a pig vaccinated thrice with the commercial vaccine 

Salmoporc® (Fig. 5 A). Five proteins which were highly detectable by all three sera 

were cut out a Coomassie blue stained gel and identified by Q-TOF MS/MS.  

 
1 Labor Diagnostik GmbH, Leipzig, Germany 
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D.2.2 Identification of immunogenic outer membrane proteins using 
Q-TOF MS/MS 

Four of the five proteins excised from the Coomassie blue stained gel could be 

unambiguously identified using Q-TOF MS/MS. The results are summarized in 

Table 7. 
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D.3.1 

Characterization of candidate protein OmpD 

Due to the fact, that our desired marker should not contribute to a loss of virulence 

and thereby, maybe, protection against colonization in the intestinal tract of pigs, we 

designed our database research on the identified proteins to focus on two criteria: 

Specificity for Salmonella species for a minimum of cross-reactivity with antigens of 

other bacteria in the gut and hints on the candidate’s effect on the immune system of 

the host from other publications. Following this route the OmpD protein could be 

identified as the best of these four immunogenic proteins, due to its specificity for the 

Salmonella spec. In contrast to OmpD, the OmpC protein is a highly conserved 

protein found in all of the most important Enterobacteriaceae, e.g. E. coli or 

Klebsiella spp. but also in other families of bacteria. 

Using an algorithm to predict putative antigenic epitopes and another to predict 

putatively surface exposed domains of the OmpD protein, 12 antigenic epitopes and 

eight surface-exposed domains could be identified.  

Prediction of antigenic epitopes and surface-exposed domains 

Analysis of data from experimentally determined antigenic sites on proteins has 

revealed that the hydrophobic residues Cys, Leu and Val, if they occur on the surface 

of a protein, are more likely to be a part of antigenic sites. A semi-empirical method 

which makes use of physicochemical properties of amino acid residues and their 

frequencies of occurrence in experimentally known segmental epitopes was 

developed to predict antigenic determinants on proteins (KOLASKAR u. 

TONGAONKAR 1990; PARKER et al. 1986). Application of this method to a large 

number of proteins has shown that their method can predict antigenic determinants 

with about 75% accuracy which is better than most of the known methods. This 

method is based on a single parameter and thus very simple to use. The HUSAR 

software uses this algorithm in a program called ANTIGENIC (KOLASKAR u. 

TONGAONKAR 1990; PARKER et al. 1986). The results of the prediction for the 

OmpD Protein are summarized in Table 8 and Fig. 6. 

Using an algorithm which predicts beta-barrel structures of transmembrane proteins 

based on the Hidden Markov Model (B2TMR-HMM) (http://gpcr.biocomp.unibo.it/) 

(JACOBONI et al. 2001; MARTELLI et al. 2002), we identified 8 surface exposed 

http://gpcr.biocomp.unibo.it/
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domains in the OmpD proteins. Results of the prediction are summarized in Table 9 

and Figure 6. 

 

Table 8 Antigenic epitopes of the OmpD protein predicted by HUSAR program ANTIGENIC 

Name Amino acid sequence Position 

Antigenic 1 KLVAVAVTSLLAAGVVNAAEVY 4-25 

Antigenic 2 LDLYGKVHAQHYF 32-44 

Antigenic 3 LAFAGLKFA 98-106 

Antigenic 4 NYGVAYDI 116-123 

Antigenic 5 WTDVLPE 126-132 

Antigenic 6 FGLVEGL 161-167 

Antigenic 7 GLSATYE 191-197 

Antigenic 8 GFGVGAAYA 200-208 

Antigenic 9 VWAAGLK 232-238 

Antigenic 10 NIYLATT 243-249 

Antigenic 11 FEAVAQYQFDFGLRPSIAYLKS 276-297 

Antigenic 12 QDLVEYIDVGATYY 308-321 

Antigenic 13 FVDYKINLL 329-337 

Antigenic 14 TDNIVAVGLN 350-359 
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Table 9 HMM-predicted structure of the OmpD protein categorized in internal, external 

(surface exposed) and transmembrane domains 

Part of the protein Amino acid sequence Localization

Segment 0:28 MKLKLVAVAVTSLLAAGVVNAAEVYNKDG Internal

Segment 29:43 NKLDLYGKVHAQHYF Transmembrane

Segment 44:52 SDDNGSDGD External

Segment 53:64 KTYARLGFKGET Transmembrane

Segment 65:69 QINDQ Internal

Segment 70:84 LTGFGQWEYEFKGNR Transmembrane

Segment 85:94 TESQGADKDK External

Segment 95:104 TRLAFAGLKF Transmembrane

Segment 105:107 ADY Internal

Segment 108:119 GSFDYGRNYGVA Transmembrane

Segment 120:147 YDIGAWTDVLPEFGGDTWTQTDVFMTGR External

Segment 148:158 TTGVATYRNTD Transmembrane

Segment 159:163 FFGLV Internal

Segment 164:174 EGLNFAAQYQG Transmembrane

Segment 175:185 KNDRDGAYESN External

Segment 186:196 GDGFGLSATYE Transmembrane

Segment 197:199 YEG Internal

Segment 200:212 FGVGAAYAKSDRT Transmembrane

Segment 213:227 NNQVKAASNLNAAGK External

Segment 228:239 NAEVWAAGLKYD Transmembrane
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Part of the protein Amino acid sequence Localization

Segment 240:242 ANN Internal

Segment 243:254 IYLATTYSETLN Transmembrane

Segment 255:269 MTTFGEDAAGDAFIA External

Segment 270:282 NKTQNFEAVAQYQ Transmembrane

Segment 283:286 FDFG Internal

Segment 287:298 LRPSIAYLKSKG Transmembrane

Segment 299:308 KNLGTYGDQD External

Segment 309:320 LVEYIDVGATYY Transmembrane

Segment 321:324 FNKN Internal

Segment 325:336 MSTFVDYKINLL Transmembrane

Segment 337:348 DDSDFTKAAKVS External

Segment 349:361 TDNIVAVGLNYQF Transmembrane



 

 73

RESULTS 

 Fi
g.

 6
 A

. S
ch

em
at

ic
 o

f t
he

 p
re

di
ct

ed
 lo

ca
liz

at
io

ns
 o

f a
nt

ig
en

ic
 e

pi
to

pe
s 

an
d 

su
rfa

ce
 e

xp
os

ed
 d

om
ai

ns
 o

n 
th

e 
om

pD
 g

en
e;

 

B
, s

ch
em

at
ic

 o
f t

he
 p

re
di

ct
ed

 b
et

a 
ba

rr
el

 s
tru

ct
ur

e 
of

 th
e 

O
m

pD
 p

ro
te

in
. 



 

 74

RESULTS 

D.3.2 Experimental determination of antigenic epitopes of the OmpD 
protein 

In order to identify antigenic epitopes of the OmpD protein experimentally a peptide 

spot array was performed. It consisted of short overlapping 15-mers of amino acids 

which represent the whole OmpD protein spotted on a membrane. Three neighboring 

spots encompass one classical 9-mer epitope. The array was performed using a 

hyperimmune serum from a pig vaccinated repeatedly with the vaccine Salmoporc®. 

At least 4 highly immunogenic triplets of spots could be identified (Fig. 7) and the 

respective peptides were synthesized for further use as solid phase antigen in an 

ELISA. Amino acid sequences of the peptides are listed in Table 10. 

 

Fig.7. A, Peptide spot array of the OmpD protein. Each spot consists of an amino acid 

15-mer. Encircled triplets of spots represent an immunogenic epitope of the OmpD 

protein. B, Genetic localization of the immunogenic epitopes on the ompD gene. 
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Table 10: Amino acid sequence of the immunogenic epitopes of the OmpD protein. 

Peptide 1-4 were synthesized for use as solid phase antigen in an ELISA experiment. 

Name 
Peptide 

spots 
Amino acid sequence 

Position in 

OmpD 

09 

10 Peptide 1 

11 

YNKDGN KLDLYGKVH 

       DGN KLDLYGKVH AQH 

                KLDLYGKVH AQHYFS 

31-39 

32 

33 Peptide 2 

34 

DKTRLA FAGLKFADY 
       RLA FAGLKFADY GSF 
               FAGLKFADY GSFDYG 

100-108 

96 

97 Peptide 3 

98 

FGLRPS IAYLKSKGK 
      RPS  IAYLKSKGK NLG 
               IAYLKSKGK NLGTYG 

292-300 

110 

111 Peptide 4 

112 

TFVDYK INLLDDSDF 
      DYK  INLLDDSDF TKA 
               INLLDDSDF TKAAKV 

334-342 

D.4 Mutagenesis 

D.4.1 Construction of an ompD deficient S. Typhimurium mutant by 
PCR based mutagenesis 

In order to quickly generate a mutant lacking the ompD gene the well established 

lambda red based one-step mutagenesis method for gene inactivation (DATSENKO 

u. WANNER 2000) was applied. We thereby constructed several ompD deficient 

mutants free of an antibiotic selectable marker, based on a linear PCR product with 

homologous overhangs of the gene to be replaced. We could show that a deletion of 

the ompD gene does not affect the vitality of the S. Typhimurium strain. 

The S. Typhimurium ΔompD mutant strain was tested using PCR with primers 

oOMPD1 and oOMPD2 and further confirmed by nucleotide sequencing and 

Southern Blot analysis of restricted genomic DNA. Absence of genomic 

rearrangements in all mutant strains was confirmed by PFGE after digestion with 

XbaI (Figure 8). 
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Fig. 8. Characterization of the S. Typhimurium ΔompD mutant strain after mutagenesis; 

A, PCR; B, Southern blot: Using PstI a 3900 bp fragment for the wild type and a 

2965 bp for the truncated form could be obtained, using BspDI, which cuts inside the 

wild type but not the truncated mutant form of ompD, two fragments were obtained for 

the wild type ompD and one larger fragment for the mutant; C, PFGE after XbaI 

digest; 1, wild type strain; 2, mutant strain showing the additional XbaI site of the FRT 

scar sequence 
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D.4.2 

D.4.2.1 

Construction of an isogenic S. Typhimurium mutant strain using 
allelic replacement technique 

For the construction of an isogenic mutant strain of S. Typhimurium the single step 

transconjugation system developed for Actinobacillus pleuropneumoniae (A. pp) 

(OSWALD et al. 1999) was adapted for use in Salmonella as described in C.4.9.2. 

The selected candidate for a knockout, ompD, was thus deleted from the bacterial 

chromosome via homologous recombination. The resulting mutant strain showed no 

significant difference in virulence in Balb/c mice as well as no reduction in protection 

against colonization of the intestinal tract of pigs in comparison to its parent strain. 

Construction of transconjugation plasmid pSOM14666 

For the introduction of the ompD deletion two PCR fragments were generated using 

primer pairs oDWST5OUTa / oOMPDKO1 and oDWST5OUTb / oOMPDKO2. Both, 

primer oOMPDKO1 and primer oOMPDKO2 were carrying a class IIS restriction site, 

BsmBI, on their 5’ ends. The PCR products were fused after BsmBI digestion and 

ligated in vector pTOPO2.1 after PCR with primers oDWST5OUTa / oDWST5OUTb, 

resulting in plasmid pSOM800 carrying an in-frame mutated version of the ompD 

gene (Figure 9). The truncated ompD insert was cloned in pROCKB2 on a SacI 

fragment, resulting in transconjugation plasmid pSOM14666 (Figure 10). 
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Fig. 9.  Schematic of the generation of an in-frame truncated in-frame version of the ompD 

gene. Amino acid sequence of the truncated OmpD protein after ligation of the two 

generated PCR fragments is depicted at the bottom. 
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Fig. 10 Construction of the transconjugation plasmid pSOM14666. Arrows denote the 

direction of the respective reading frames in the circular maps. amp, ampicillin 

resistance determinat, kan kanamycin resistance determinat, sacB counter-selectable 

marker levansucrase of B. subtilis, ΔompD truncated S. Typhimurium ompD 
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D.4.2.2 Construction of isogenic mutant strains 

S. Typhimurium ΔompD was constructed by allelic replacement upon the introduction 

of plasmid pSOM14666, using diaminopimelic acid auxotrophic E.coli β2155 as the 

donor for the conjugation into S. Typhimurium. Kanamycin resistant colonies were 

screened by PCR (oOMPD1 and oOMPD2) for the presence of the deleted gene and 

positive colonies were subjected to sucrose counterselection. Sucrose resistant and 

kanamycin sensible colonies were again screened for the correct PCR profile. All 

mutants with the correct PCR profiles were confirmed by nucleotide sequencing and 

Southern Blot analysis of restricted genomic DNA. Absence of genomic 

rearrangements in all mutant strains was confirmed by PFGE after digestion with 

XbaI (Fig. 11). 

 

Fig. 11. Characterization of the S. Typhimurium ΔompD mutant strain after mutagenesis; A, 

PCR: Using primers oOMPD1 and 2 a 573 bp fragment for the truncated form and a 

1636 bp fragment for the wild type ompD gene was obtained; B, Southern blot: Using 

PstI a 3900 bp fragment for the wild type and a 2900 bp for the truncated form could 

be obtained, using BspDI, which cuts inside the wild type but not the truncated mutant 

form of ompD, two fragments were obtained for the wild type ompD and one larger 

fragment for the mutant; C, PFGE after XbaI digest; D, SDS-PAGE of membrane 

preparations; 1, wild type strain; 2, mutant strain; 3, complemented mutant strain 
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D.4.2.3 Phenotypical characterization of S. Typhimurium mutant 

In order to compare wild type and mutant strain in their expression of outer 

membrane proteins, membranes were extracted by means of a sarcosyl preparation 

(HANCOCK u. NIKAIDO 1978). Figure 12 shows clearly a missing band in the 

mutant’s lane on a Coomassie blue stained SDS-PAGE. Prominent bands were cut 

out of the gel and further analyzed using Q-TOF MS/MS, confirming that the OmpD 

protein is missing in the mutant strain and, furthermore, that the OmpC protein is 

strongly up regulated in the absence of OmpD (Figure 12, lane 2). 

 

 

Fig. 12. Coomassie blue stained SDS-PAGE (12.5%) of membrane proteins of wild type 

strain (1), mutant strain (2), complemented mutant of S. Typhimurium vaccine 

Salmoporc® (3); Annotated proteins were cut out the gel and identified using Q-TOF 

MSMS for all three lanes, confirming that the OmpD protein is missing in lane 2. 
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D.5 

D.5.1 

Virulence studies 

Virulence study in Balb/c mice 

In this study mice were challenged with different doses of S. Typhimurium to 

determine the fifty percent lethal dose (LD50). The results of the challenge experiment 

are summarized in Table 11. 

The microbial count of the parent strain’s (Salmoporc®) LD50 amounted to 

1.39 x 109 cfu / ml, the count of the mutant strain’s LD50 was 1.27 x 109 cfu / ml. 

Calculation of the LD50 using the Probitanalysis Software1 showed that there is no 

significant difference in LD50 between the ΔompD mutant strain (106.80 cfu / animal) 

and its parent strain (106.84 cfu / animal).  

 

Table 11: Results of the challenge experiment with Balb/c mice; * the respective bacterial 

strain was reisolated from liver and spleen and characterized using the IDT-

Salmonella-Diagnostikum2 and PCR with ompD specific primers. 

S. Typhimurium 421/125 

(ΔompD) 

S. Typhimurium 421/125 

(Salmoporc®) Dose 

in cfu/animal 
n 

deceased 

animals 
n 

deceased 

animals 

5x108 2 2 2 2 

5x107 2 2 2 2 

5x106 2 1* 2 1* 

5x105 2 0 2 0 

5x104 2 0 2 0 

5x103 2 0 2 0 

5x102 2 0 2 0 

5x101 2 0 2 0 

 

                                               
1 SPSS Inc., Chicago, Illinois, USA 
2 Impfstoffwerk Dessau Tornau, Germany 
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D.6 

D.6.1 

D.6.1.1 

Vaccination study in pigs 

Protective efficacy of the live DIVA vaccine against colonization 
of the gut after oral application upon S. Typhimurium DT104 
strain 27/96 challenge 

Clinical symptoms in infected pigs after challenge 

Clinical symptoms like vomiting or diarrhea could not be observed during the 7 day 

observation period after infection. As the average body temperature of 10.5 weeks 

old piglets is 39.3°C +/-0.3°C, we defined a cut-off for fever of >40.0°C (>39.3 + 2 

standard deviations). All of the non-vaccinated pigs developed fever at day 2 post 

infection with two pigs developing temperatures of 41.1°C. After day 4 body 

temperatures of the pigs were decreasing to an average body temperature of 

39.95°C. Fever, in most cases, was accompanied by a slight lethargy and, at day 3 

post infection, also by a reduced food uptake in some pigs. Animals vaccinated with 

Salmoporc®, in two cases, showed hesitant food uptake. On day 2 one pig developed 

fever with a body temperature of 40.4°C. None of the animals vaccinated with the live 

DIVA vaccine developed fever, and two animals showed a slightly lethargic behavior 

at day 2 and 3, respectively. All clinical symptoms were summarized to calculate a 

total clinical score for each individual animal and for each group. Using a Wilcoxon 

Test statistically significant differences between the clinical scores of the control 

group and both vaccinated groups could be observed. The resulting clinical scores of 

the animals of the three groups are shown in Fig. 13. 
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Fig. 13. Clinical score of orally vaccinated and control pigs at challenge with S. Typhimurium 

DT104 strain 27/96 shown as dot blot. Asterisks denote statistical significance 

(P<0.05) in the Wilcoxon Signed-Rank Test. 

D.6.1.2 Bacterial reisolation and pathomorphological changes in challenged pigs 

At necropsy performed on day 7 post infection all pigs showed reactive hyperemia in 

the ileal and caecal intestinal loops. Furthermore, some of the pigs showed highly 

reactive hyperemia in the caecal and, to a lesser extent, in the ileal mucosa. 

Concerning bacterial reisolation of the challenge strain from the ileocaecal lymph 

nodes determined as the reisolation score (Table 12) no statistically significant 

differences were observed between the two vaccinated groups. Comparing either of 

the vaccinated groups with the non-vaccinated control group statistically significant 

differences in the Friedmann Test showed that both, the live DIVA vaccine and its 

parent strain, do protect the intestinal tract from Salmonella colonization. Reisolation 

from the mucosa of ileum and caecum, respectively, showed a higher rate of 

reisolation for the non-vaccinated control group in comparison to the two vaccinated 

groups. 
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Table 12: Reisolation of the challenge strain from ileocaecal lymph nodes, caecal and ileal 

tissue samples. EC Partially, due to strong growth of kanamycin resistant E. coli from 

the homogenized tissue, inoculation in an enrichment culture was necessary to see 

growth of Salmonella. Asterisks denote statistical significance (P<0.05) in the 

Friedmann Test. 

tissue 
group 1  

cfu / g Gewebe 
group 2  

cfu / g Gewebe 
group 3  

cfu / g Gewebe 

ileocaecal LN 6.67 x 101* 5.13 x 102* 1.21 x 104* 

caecum 1.67 x 101EC* 2.67 x 102EC* 6.79 x 104* 

ileum 6.67 x 102 1.67 x 103 7.30 x 104

 

D.6.2 

D.6.2.1 

D.6.2.2 

Testing of the live DIVA marker function 

Clinical symptoms in pigs vaccinated with the live DIVA vaccine after 

challenge 

As stated before (D.4.1.1), no clinical symptoms such as diarrhea or vomitus were 

observed in DIVA vaccinated pigs. The clinical score resulting from the symptoms 

fever, reduction of food uptake and lethargy of the three animals vaccinated with the 

live DIVA vaccine is in accordance with the scores of animals of group 2 in the 

protection study above, as only one animal showed a hesitant uptake of food on day 

2 after challenge. 

Bacterial reisolation and pathomorphological changes in challenged pigs 

three weeks post infection 

In comparison to the reactive hyperemia in the ileal and caecal intestinal loops shown 

by the pigs at necropsies performed on day 7 post infection, only a mild injection of 

the intestinal blood vessels was observed at the time of necropsy performed on day 

64 post infection. Reisolation of the challenge strain was not possible from either ileal 

or caecal mucosa or ileocaecal lymph nodes even after 48h of enrichment culture. 
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D.6.2.3 Systemic immune response of challenged pigs 

All pigs were tested serologically negative for S. Typhimurium infection using the 

PigScreen® ELISA before the beginning of the study. Additionally, they were tested 

negative for antibodies against the marker protein OmpD using a peptide based 

ELISA, based on a single immunogenic epitope of the OmpD protein (see D.7.2). 

Pigs were bled regularly and both ELISA were performed to monitor the immune 

response. At day 36, 35 days after the first immunization and 14 days after the 

second vaccination the sera of most of the conventionally and DIVA vaccinated pigs 

showed positive or at least increased titers in the Pig Screen ELISA. At day 50 

(1 week after challenge) all but one vaccinated animals were tested positive. In the 

peptide based, OmpD specific ELISA only the conventionally vaccinated animals 

were tested positive prior to infection (Fig. 14, day 36). Animals vaccinated with the 

live DIVA vaccine showed rising titers at day 7 and 14 post infection with 

S. Typhimurium DT104 strain 27/96. At day 21 post infection all three animals were 

tested positive in the peptide based ELISA. 
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Fig. 14. Diagram of ELISA ODs from a peptide based ELISA with sera from group 1 (animals 

vaccinated with Salmoporc®), group 2 (animals vaccinated with the DIVA vaccine) and 

group 3 (unvaccinated control group) at different time-points during the vaccination 

study. (+ standardized positive control; - standardized negative control) Day 0: At the 

beginning of the study all groups of animals showed no reaction with the coated 
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peptide. Day 36: Animals of group 1 and 2 were vaccinated twice; 1 week prior to 

challenge; the sera of group 1 vaccinated conventionally reacted with the coated 

peptide like the positive control (+) of the same dilution. Groups 2 and 3 on the other 

hand did not react with the peptide. Day 50: Day of necropsy, 1 week after the 

challenge; the mean of the ELISA ODs of group 1, 2 and 3 was clearly higher than the 

positive control (+). 
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Fig. 15. Diagram of ELISA OD% from SALMOTYPE Pig Screen ELISA with sera from group 

1 (animals vaccinated with Salmoporc®), group 2 (animals vaccinated with the DIVA 

vaccine) and group 3 (unvaccinated control group) at different time-points during the 

vaccination study. (Cut-Off: ELISA OD ≥ 40%). Animals vaccinated with either 

Salmoporc® or the DIVA vaccine showed continuously rising ELISA OD% during the 

vaccination study. Unvaccinated animals from the control group on the other hand 

maintained negative ELISA OD% throughout the study. 
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D.7 

D.7.1 

D.7.1.1 

ELISA 

Development of an ELISA with recombinant OmpD fusion 
protein as solid phase antigen. 

Proof of principle 

Four sera, with and without antibodies against S. Typhimurium, which were tested on 

Polysorb® ELISA plates, coated with 0.5 µg/ml of GST-OmpD fusion protein reacted 

with the solid phase antigen. All experiments were carried out in triplicate and were 

paralleled by an ELISA using only GST as solid phase antigen. GST ELISA optical 

densities (ODs) of the respective sera were subtracted from the GST-OmpD ELISA 

ODs as well as the blank value of the respective ELISA plate and plotted as shown in 

Fig. 16. 

 

Comparing the results at a 1:100 dilution, hyperimmune serum 97.4, which served as 

a positive control, showed a 9.5 fold higher ELISA OD than the pre-immune serum 

(negative control), serum 97.0. At the same dilution the pool of sera from pigs 

previously tested positive for S. Typhimurium developed a 4.4 fold higher OD than 

the control. The pool of sera from pigs infected with S. Derby showed a 4.6 fold 

higher OD compared to the negative control.  
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Fig. 16. Graph of optical densities (OD) against serum dilution of four test sera in an ELISA 

with GST-OmpD fusion protein as solid phase antigen; blank value of the plates and 

ODs of a parallel ELISA with only GST part as solid phase antigen were subtracted 

from the ODs used in this graph. Solid phase antigens in this experiment were 

purified before application. 

D.7.1.2 Mass screening of field sera 

In a comparative screening approach using, on the one hand, the GST-OmpD ELISA 

and, on the other hand, the commercial PigScreen® ELISA, 100 field sera of pigs 

were tested for antibodies directed against S. Typhimurium and the OmpD protein, 

respectively. On the individual animal level no apparent correlation of results was 

observed. Comparing the results on the herd level, the number of herds to be 

classified as positive was higher in the GST-OmpD ELISA than in the commercial 

test. Since this can be explained by either a higher sensitivity of the GST-OmpD 

ELISA or a lesser specificity, we decided to develop a peptide based ELISA based 

on specific immunogenic epitopes of the OmpD protein. 
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D.7.2 

D.7.2.1 

                                              

Development of an ELISA with immunogenic peptides as solid 
phase antigen. 

Comparison of immunogenic peptides as solid phase antigens in an 

ELISA 

The four peptides described in Table 8 were coated on Immobilizer® streptavidine 

ELISA plates1 with a concentration of 25 µg/ml peptide and tested with a 

standardized positive and negative control serum. Both controls were pools of sera 

from the vaccination experiment, with the day 50 sera of all animals vaccinated with 

Salmoporc® forming the positive and all day 0 sera forming the negative control for 

these ELISA experiments. Comparing the ELISA OD ratios of positive and negative 

control of all four sera (Figure 17), peptide 2 allowed the best discrimination between 

both sera (3.52 fold difference between positive and negative control). Peptides 1 

(1.72 fold), 3 (1.23 fold) and 4 (0.9 fold) did not allow a discrimination as the 

difference between positive and negative control was less than 2fold. 

 
1 Nunc Inc, Wiesbaden, Germany 
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Fig. 17. Bar plot of ELISA ODs of positive and negative control serum in peptide-based 

ELISAs with peptides 1, 2, 3 and 4 as the solid phase antigens. Numbers above the 

bar plots indicate the positive / negative ratios of the respective peptide.  

 

D.7.2.2 Testing of the marker function in a vaccination study 

As mentioned in chapter D.6.2.3 the live DIVA vaccine was tested in a vaccination 

study for its protective efficacy and animals were monitored serologically by both the 

Salmotype PigScreen ELISA® and the ELISA based on peptide 2. Three pigs from 

group 2 (5, 6 and 23) were monitored starting at day 0 (prior to the first immunization) 

until three weeks after the challenge with S. Typhimurium DT104 27/96. As shown in 

the diagram in Fig. 18, the sera taken before the infection at day 0 and 36 were not 

reacting with the coated peptide. One week after the infection, at day 52, the reaction 

of the serum with the peptide 2 was about 1.5 fold higher than the ELISA ODs of the 

positive control, which was still the case in the second week after the infection. At day 

65, three weeks after the infection, the ELISA ODs were only moderately decreased 

but still higher than the positive control. 
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Fig. 18. Diagram of the ELISA ODs in an ELISA based on peptide 2 with sera from pigs 5, 

6 and 23. The pigs were vaccinated with the live DIVA vaccine and monitored until 

three weeks after the infection. Shown are the means of the three pigs’ ELISA OD at 

different time-point during the study with standard deviation. Data left of the grey bar 

represents ELISA ODs before the challenge, to the right are the ELISA ODs after the 

challenge. 
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E.1 

E Discussion 

Construction and sequencing of transconjugation plasmids 

Site-directed mutagenesis is a useful tool to construct in-frame mutations, which is 

important to avoid polar effects in transcription of neighboring genes after a 

successful deletion. Assisted by computer based software every step of a cloning 

experiment can be planned in silico before it is carried out in vitro. We used a method 

of plasmid-based allelic replacement called the single-step transconjugation system 

(SSTS) (OSWALD et al. 1999), which was developed for genetically engineering of 

Actinobacillus pleuropneumoniae. This powerful tool allows the construction of 

isogenic mutants which are absolutely free of foreign DNA. Site-directed 

mutagenesis, generally, requires a detailed understanding of the full sequence of the 

involved DNA molecules. 

Therefore we set out to obtain the sequence of the transconjugation plasmids 

pROKB1 (TONPITAK et al. 2002) and its derivative pROCKB2. Briefly, we used 

sequence information provided by databases and sequenced the transitions between 

the known sequences. The decision to sequence both vectors arose during the 

process of adapting the SSTS for use in S. Typhimurium, which proved more 

laborious than previously expected. Due to problems with establishing the 

conjugation using pSOM14666, a derivative of pROCKB2 containing a truncated 

version of the ompD gene, we considered to exchange the lambda π-dependent 

origin of replication with a temperature sensitive origin of replication. This required 

knowledge on the exact sequence of the concerned region of the plasmid. The 

restriction sites used in the multi-cloning site of vector pROCKB2 were selected after 

classical restriction analysis of vector pROKB1. Furthermore, pSOM14666 had been 

constructed by ligation of a SacI fragment in pROKB1 prior to performing the 

sequence analyses. Surprisingly, when sequencing the transitions between insert 

and vector pSOM14666 we realized that the polylinker forming the multi-cloning site 

had been inserted in duplicate in pROKB1. This is of no consequence for the 

functionality of pSOM14666 but must be taken in account when planning future work 

with pROCKB2. In the meantime we managed to establish conjugation with 

pSOM14666 by further adjustment of the culture conditions and, therefore, no further 
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E.2 

work on modifying the transconjugation plasmids was necessary. The full sequence 

of both plasmids was submitted to Genbank. 

Development of a live DIVA vaccine against S. Typhimurium  

Salmonella Typhimurium, although causing primarily sub-clinical infections in pigs 

(SPRINGER et al. 2001), nonetheless is responsible for substantial economic losses 

in the pig industry and, furthermore, one of the most important zoonotic pathogens 

worldwide (SWANENBURG et al. 2001). Especially the trend of multi-resistant strains 

emerging over the past years, above all strains carrying the phage type DT104 

(ALLEN et al. 2001; ALMUTH et al. 1997), has led to considerations about an 

enhanced Salmonella surveillance of pig production facilities 

(BUNDESMINISTERIUM FÜR ERNÄHRUNG 1998; FLENSBURG 1999). Following 

the adopted German guideline on the reduction of Salmonella entry into the food 

production chain through slaughterhouse contaminations originating from pigs, 

Salmonella prevalence is determined by analysis of meat-juice samples at the time of 

slaughter. 

Although vaccination against S. Typhimurium with the licensed live vaccine 

Salmoporc® leads to a reduction in colonization of the porcine intestine (SPRINGER 

et al. 2001), and thereby presents an effective tool in minimizing entry of the 

pathogen into pig production, such a vaccination strategy can not be applied in 

practice. Thus, an animal vaccinated with Salmoporc® cannot be differentiated 

serologically from an animal infected by field strains and, therefore, vaccinated 

animals would falsely be identified as “Salmonella infected”. This would not improve 

but rather downgrade the classification of the respective pig producing facility in the 

surveillance program. 

Therefore, we set out to introduce a defined deletion into Salmoporc® facilitating a 

serological differentiation between infected and vaccinated animals (DIVA concept), 

without losing the protective efficacy of the licensed vaccine. The DIVA concept has 

been successfully applied in the eradication of Aujeszky’s disease in pigs (DE JONG 

u. KIMMAN 1994; STEGEMAN et al. 1994b; STEGEMAN et al. 1994a). Vaccination 

with the Aujeszky vaccine results in preventing clinical symptoms and in a clear 

reduction of virus shedding. Most importantly, vaccinated animals infected with the 

virulent virus can be identified based on the absence of one protein in the vaccine 
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that is present in the wild-type pathogen. Consequently, an antibody response 

against this protein marker can only be detected after an infection but not after 

vaccination (VAN OIRSCHOT et al. 1996). To be able to differentiate, a marker 

vaccine is used in conjunction with a test that detects antibodies against the marker 

protein. Therefore, another focus of this work was the development of a new test 

which can be used as a “hand-in-hand” tool with the DIVA vaccine for serological 

discrimination. 

 

But what is a suitable marker for a DIVA vaccine against S. Typhimurium? Due 

to the purpose to act as a serological detectable marker, we focused on 

immunogenic proteins, which are mostly found among the surface-exposed proteins 

of the outer membrane (CONNOLLY et al. 2006; KHAN et al. 2006; KURUPATI et al. 

2006). Thus we found five highly immunogenic proteins reacting with our Salmonella 

test sera. Two of these proteins, OmpD and OmpC, belonged to a prominent fraction 

of outer membrane proteins, the porins. The major porins of S. Typhimurium, OmpD, 

OmpC and OmpF, together account for about 1 x 105 to 2 x 105 porin molecules per 

cell (NIKAIDO u. VAARA 1985a). This is of advantage (RADOLF 1995) for the 

potential marker, because it is presented in abundance to the immune system of the 

host and, therefore, in contrast to less abundant immunogenic proteins, should 

induce a detectable antibody response. OmpD is the most abundant of the major 

porins in the outer membrane of S. Typhimurium, under favorable growth conditions 

representing about half of the cell’s porins (SANTIVIAGO et al. 2003). 

Besides immunogenicity of the marker protein, its specificity for Salmonella spp. is 

crucial to avoid cross-species-reactions which would lead to false positive results in a 

serological test. OmpC is present in many a species of different bacterial families, i.e. 

Enterobacteriaceae (ACHTMAN et al. 1999; BELL et al. 2004; BLATTNER et al. 

1997), Vibrionaceae (NOGI et al. 1998) or Colwelliaceae (METHE et al. 2005), 

whereas OmpD is only found in S. Typhimurium and other Salmonella spp., except 

for S. Typhi (SANTIVIAGO et al. 2001). Based on these criteria, OmpD was 

considered to be an excellent candidate for use as a marker protein. 

 

Is the OmpD protein affecting the virulence of S. Typhimurium? Because we 

were working with a licensed live vaccine as parent for the DIVA vaccine, we were 
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interested in choosing a marker protein, which does not further reduce virulence 

when being knocked out. 

The role of OmpD in pathogenesis of S. Typhimurium is discussed controversially. 

However, so far all virulence studies with ompD deficient S. Typhimurium had been 

performed using transposon mutants (DORMAN et al. 1989; HARA-KAONGA u. 

PISTOLE 2004; MEYER et al. 1998). As we set out to construct an isogenic mutant 

lacking the ompD gene, we encountered unsuspected complications when adopting 

the single-step transconjugation system (SSTS) (OSWALD et al. 1999) established in 

Actinobacillus pleuropneumoniae for use in S. Typhimurium. In order to ensure, that 

site-directed mutagenesis of the ompD gene has no effect on viability of the bacteria, 

we chose the rapid lambda red recombinase-based technique of Datsenko and 

Wanner (DATSENKO u. WANNER 2000) to delete the gene and were able to show 

that the mutation had no critical effect on the growth of the bacteria. Soon after 

constructing this mutant, an isogenic in-frame ompD deficient mutant could be 

generated using the SSTS for allelic replacement. The advantage of this 

mutagenesis system is the generation of mutants absolutely free of foreign DNA. In 

contrast, mutants generated by the Lambda red recombinase system retain a 65 bp 

“scar sequence” of the FLP recognition site and, therefore, have to be classified as 

genetically modified organisms. Mutant strains devoid of foreign DNA, at least for 

laboratory work, are not classified as genetically modified organisms, and this might 

also be advantageous if licensing of the new vaccine should be pursued. 

Our results concerning the virulence of the ompD mutant concurred with those of 

Meyer et al. (MEYER et al. 1998), as we could show no significant difference in 

virulence in Balb/c mice when determining the LD50 of the parent strain Salmoporc® 

(106.84 cfu / animal) and the isogenic ompD deficient strain (106.80 cfu / animal). In 

contrast to former studies, which were based on transposon mutagenesis, we can 

also exclude any possibility of polar effects caused by our deletion of the ompD gene. 

With OmpD being immunogenic, specific for Salmonella spp. and the ompD mutant 

not being diminished in virulence, we continued to test our mutant as a live DIVA 

vaccine in pigs. 
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Has the deletion of ompD an effect on the protective efficacy of the live DIVA 
vaccine? Springer and colleagues showed the protective efficacy of Salmoporc® in 

pigs by comparing vaccinated and unvaccinated animals after challenge with a 

virulent field strain, concentrating on clinical symptoms and reisolation of the 

challenge strain from three intestinal locations (SPRINGER et al. 2001). In order to 

answer the question of protective efficacy of our ompD mutant, we repeated this 

animal experiment with three groups of pigs; unvaccinated, vaccinated with 

Salmoporc®, and vaccinated with the DIVA vaccine. Thereby, we were able to show, 

that there is no significant difference in protective efficacy between the DIVA vaccine 

and Salmoporc® based on clinical score (Figure 13) and reisolation of the challenge 

strain (Table 12). The bacterial reisolation of the challenge strain 

S. Typhimurium DT104 27/96 hampered in part by growth of kanamycin resistant 

E. coli is unlikely to have an impact on the results as the problem occurred in all three 

groups, thus effecting all animals in the same way. 

Generally, animals with clinical symptoms showed a rise of body temperature and / or 

signs of lethargy and reduced appetite, but not the typical symptoms of enteritis. This 

finding confirmed the observations of Springer et al. (SPRINGER et al. 2001), that 

even a high challenge dose results in a subclinical infection in the majority of pigs. 

OmpD - a detectable marker? 

Another question of interest was the test of the marker properties of the live DIVA 

vaccine. Therefore we developed two ELISA-based diagnosis systems, which we 

used to test for antibodies against the OmpD protein. We started with a system 

based on a fusion of glutathione-S-transferase (GST) and the OmpD protein and 

were able to show reactivity of sera with the GST-OmpD protein as solid phase 

antigen in an ELISA. Moreover, we could show that discrimination between sera 

containing antibodies against Salmonella (Typhimurium AND Derby) and sera devoid 

of Salmonella antibodies is possible with this ELISA (Fig. 16). Further validation with 

porcine field sera confirmed these results (Stratmann-Selke, unpublished work). 

Due to the fact that the recombinant protein is obtained from an E. coli DH5α 

transformand, cross reactions with E. coli proteins affecting the ELISA results cannot 

be excluded. Furthermore, the structure of the major porins is, in parts, highly 
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conserved, which could also lead to cross reactions with antibodies directed against 

other porins than OmpD. 

To reduce the probability of unwanted serological crossreactivity we focused on 

immunogenic epitopes of the OmpD protein. In silico analyses resulted in eight 

surface-exposed domains and a total of 14 putative antigenic portions of the OmpD 

protein. The prediction is based on an algorithm combining the presence of the 

hydrophobic residues (Cys, Leu and Val) and their localization of the protein surface, 

as this combination has been experimentally shown to be more likely a part of 

antigenic sites (KOLASKAR u. TONGAONKAR 1990). Interestingly, the immunogenic 

15-mer epitopes from the peptide spot array experimentally determined in the 

peptide-spot array (peptides 1, 2, 3 and 4) partly correlate with predicted 

immunogenic portions of the OmpD protein, but only small overlaps with putative 

surface exposed domains are observed. This shows the problems still occurring with 

the prediction of functional domains particularly for transmembrane proteins. 

Four experimentally determined immunogenic peptides were synthesized to be used 

as solid phase antigen in an ELISA, and we were able to show a discrimination of 

sera containing antibodies directed against S. Typhimurium (and thereby OmpD) and 

those devoid of anti-Salmonella antibodies when using peptides 1-3 (Figure 17). Of 

the three peptides peptide 2 allowed the best discrimination and, therefore, was 

chosen as solid phase antigen in the following ELISA experiments. 

During the vaccination study, all animals were serologically monitored using both, the 

SALMOTYPE PigScreen® ELISA (an ELISA measuring antibodies against 

S. Typhimurium O- and H-antigens), and the OmpD-derived peptide 2 ELISA. 

Animals vaccinated with the ompD deficient mutant showed a detectable “gap” in 

their otherwise accumulating anti-Salmonella antibodies (SALMOTYPE PigScreen 

ELISA; Fig. 15) prior to challenge, which disappeared upon contact with the 

S. Typhimurium wild type strain at challenge (peptide 2 ELISA; Figures 14 and 18). 

Thus, we could provide the proof of principle showing that the OmpD protein can be 

used as a marker in a DIVA vaccine against S. Typhimurium. 
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E.4 Future perspectives 

We have shown that the negative marker vaccine has the potential to protect pigs 

from the minor clinical symptoms of a S. Typhimurium infection and, most 

importantly, reduces the colonization rate of the porcine intestinal tract similar to its 

parent strain Salmoporc®. In case licensing of the DIVA strain should be pursued this 

is of major importance, as S. Typhimurium not only is responsible for a high 

proportion of subclinical infections in the pig industry causing a poor classification of 

the infected herds in the Salmonella surveillance program, but can also be 

responsible for reduced growth rates of weaned pigs (JENKINS et al. 2004). 

Furthermore we have provided a proof of principle for the functionality of the OmpD-

based DIVA vaccine showing that the negative marker (the OmpD protein), triggers a 

detectable immune response even in immunized pigs and, therefore, can be used to 

discriminate infected animals, having the full spectrum of anti-Salmonella antibodies, 

from vaccinated pigs, which do not have antibodies against the OmpD protein.  

Due to the fact, that the DIVA mutant does not have special growth requirements and 

does not differ from its parent strain with respect to growth rate, it is as easy to 

produce as the parent strain Salmoporc®; in case licensing should be pursued this 

would be an advantage as it would allow a fast switch in production. 

 

The next step is a test of the DIVA vaccine in different swine producing facilities. Two 

major questions have to be addressed in such a study: i) Does vaccination decrease 

the serological Salmonella prevalence in category II or III facilities and ii) does 

vaccination have an effect on Salmonella seroprevalence in category I facilities? A 

vaccine reducing the colonization rate of S. Typhimurium in the porcine gut combined 

with the advantages of a DIVA vaccine should prove a useful tool on the way to 

reduce the entry of Salmonella in food production from pig meat. 

In order to be able to present a more cost efficient test for the DIVA marker it would 

be interesting to further improve the ELISA using the GST-fusion protein instead of a 

peptide as solid phase antigen. This might be possible if a competitive ELISA with an 

OmpD specific monoclonal antibody (competing with the antibodies of the sera to be 

tested) would be devised. This approach might also prevent possible problems with 

unspecific, cross-reacting antibodies. 
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An advantage of our diagnosis system in comparison to i.e. Salmotype PigScreen 

ELISA is the possibility to detect all serotypes of Salmonella enterica occurring in 

pigs as we could demonstrate with S. Derby. Testing with the Salmotype PigScreen 

ELISA® is mostly specific for the serotype Typhimurium due to the O- and H-antigens 

used as solid phase antigens, allowing infections with other Salmonella serotypes to 

remain undetected. Furthermore, in comparison to the OmpD-based test, the 

variability of ELISA OD% of tested animals is higher, posing a risk of false negative 

test results. Thus, the OmpD-based test might be more sensitive and more specific. 

 

A S. Typhimurium DIVA strain also has potential for other vaccination strategies. The 

concept of vaccine carrier strains, where enteric pathogens are used as vectors for 

foreign antigens, is of major interest, for example when dealing with pathogens which 

are difficult to attenuate. For a review on this subject see Kotton and Hohmann 

(2004) (KOTTON u. HOHMANN 2004). S. Typhi and S. Typhimurium were among 

the first bacteria used as recombinant vectors for antigen delivery (CURTISS, III 

2002). However, these carrier vaccine strains so far have the same problem as 

conventional live vaccines in that a serological differentiation from an infection with 

field strains is not possible. As we now have developed an attenuated and 

serologically differentiable S. Typhimurium strain, which is based on a licensed 

vaccine, we have a promising candidate to also serve as a carrier for foreign antigen 

delivery. 
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F Summary 

Development of a DIVA vaccine 
against Salmonella Typhimurium infection 

Martin Selke 

 

Salmonella (S.) Typhimurium, as a nontyphoidal S. species, is a common causative 

agent of bacterial food-borne disease worldwide. Especially strains of 

S. Typhimurium DT104, a phage type carrying multiple antibiotic resistances, poses a 

serious challenge to consumer protection. In 1998 the adoption of a national 

guideline for the reduction of Salmonella entry into the food chain in Germany led to 

the installation of a voluntary Salmonella surveillance system, which is based on the 

serological analysis of meat-juice samples taken at the slaughterhouse. Thus, 

participating pig production facilities are classified according to their Salmonella 

seroprevalence into categories I to III). Furthermore, facilities with high 

seroprevalence have to take veterinary-assisted measures to improve their 

Salmonella status; in case of a category III classification these measures are 

accompanied by a general inspection of the facilities to determine the source of 

pathogen entry. 

Vaccination of weaning pigs with the licensed vaccine Salmoporc® leads to a 

reduction in colonization of the porcine intestinal tract and, thus, could be a helpful 

tool in reducing Salmonella prevalence. However, the vaccinated pigs are 

serologically indistinguishable from pigs infected with virulent field-strains and, thus, 

vaccination would not improve the classification of a herd. 

In this study we developed a DIVA (Differentiating Infected from Vaccinated Animals) 

vaccine against S. Typhimurium, based on the licensed vaccine Salmoporc® by 

introducing a negative marker via genetic exchange. The OmpD protein, a major 

porin of the outer membrane, was identified as a suitable marker by 2D PAGE 

followed by Western immunoblot and mass spectrometry. Subsequently, the ompD 

gene was deleted from the bacterial chromosome. The ompD deficient mutant 

showed no significant difference to the parent strain with respect to virulence in 

Balb/c mice, and provided protection to experimentally challenged pigs. 
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A DIVA vaccine always requires a serological test able to detect the difference in 

antibody pattern caused by the selectable marker. In this study two ELISA-based 

systems were developed which allow the detection of anti-OmpD antibodies. One 

system was based on a recombinant GST-OmpD fusion protein as solid phase 

antigen, but the differentiation between infected and vaccinated with this system was 

not satisfactory. Therefore, a peptide spot array analysis of the OmpD protein was 

performed, and four immunogenic epitopes, were identified. One of these epitopes 

was successfully used as solid phase antigen in an ELISA to differentiate sera of 

infected and vaccinated animals. 

 

The DIVA vaccine developed in this study, in association with the peptide-based 

ELISA, allows, for the first time, to improve the Salmonella status of pig herds by 

vaccination without affecting the seroprevalence of the vaccinated herds. 
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G Zusammenfasssung 

Entwicklung eines DIVA Impfstoffs gegen Salmonella Typhimurium 
Infektion im Schwein. 

Martin Selke 

 

Salmonella (S.) Typhimurium ist unter dem Gesichtspunkt des Verbraucherschutzes 

einer der wichtigsten Erreger von Zoonosen weltweit und in der Schweineindustrie 

das vorherrschende Serovar. Das vermehrte Auftreten multi-resistenter Erreger, 

(zumeist Phagentyp DT104) führte 1998 zur Verabschiedung der „Leitlinien für ein 

Programm zur Reduzierung des Eintrags von Salmonellen durch Schlachtschweine 

in die Fleischgewinnung“. Hiermit verbunden war die Einrichtung eines serologischen 

Überwachungssystems auf Fleischsaft-Basis, durch das Schweine-produzierende 

Betriebe nach Seroprävalenz in drei Kategorien eingeteilt werden. Betriebe mit hoher 

Seroprävalenz müssen veterinärmedizinisch begleitete Maßnahmen ergreifen, um 

ihren Salmonellenstatus zu verbessern. 

Die Impfung von Absatzferkeln mit der Lebend-Vakzine Salmoporc® führt zu einer 

deutlichen Minderung der Kolonisierung des porcinen Intestinaltrakts und könnte ein 

wirksames Mittel zur Reduktion des Salmonelleneintrags sein, sofern der Impfstamm 

serologisch von virulenten Feldstämmen unterscheidbar wäre. Ein solcher Impfstoff, 

der aufgrund eines Negativmarkers (also des Fehlens eines immunogenen 

Bestandteils im Erreger) die Unterscheidung von geimpften und infizierten Tieren 

erlaubt, wird als DIVA Vakzine (Differentiating Infected from Vaccinated Animals) 

bezeichnet. 

In der vorliegenden Arbeit wurde auf der Basis des zugelassenen Impfstoffes 

Salmoporc® durch genomischen Austausch ein derartiger DIVA Impfstoff konstruiert. 

Als geeigneter Negativmarker wurde durch zweidimensionale Gelelektrophorese mit 

nachfolgendem Western Blot und Massenspektrometrie das immunogene Porin 

OmpD, ein prominentes Protein der äußeren Membran, identifiziert. Das für dieses 

Protein kodierende Gen wurde anschließend aus dem Chromosom des Salmoporc® 

Impfstoffes deletiert. Die ompD defiziente Mutante zeigte, abgesehen von der 

Markerfunktion, keine signifikanten Unterschiede zum Ausgangsstamm - weder in 
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der Virulenzprüfung in Balb/c Mäusen noch in der Prüfung der protektiven 

Eigenschaften im Belastungsversuch im Schwein. 

Zu einem DIVA Impfstoff gehört immer ein diagnostisches Testsystem zur 

Unterscheidung des Impfstammes von Feldstämmen. In der vorliegenden Arbeit 

wurden zwei ELISA-basierte Systeme entwickelt, die es ermöglichen, Antikörper 

gegen das OmpD Protein nachzuweisen. Das erste System, das auf dem kompletten 

rekombinanten Protein basierte, ließ keine ausreichende Diskriminierung zu 

(mangelnde Spezifität). Daraufhin wurde eine Epitopanalyse mithilfe von 

Peptidarrays durchgeführt. Eines von vier auf diese Weise identifizierten 

kontinuierlichen immunogenen Epitopen zeigte eine ausreichende Diskriminierung in 

der Reaktion mit Seren von geimpften und infizierten Tieren. 

Der im Rahmen dieser Arbeit entwickelte DIVA Impfstamm bietet - in Verbindung mit 

dem ebenfalls entwickelten ELISA-Testsystem - erstmalig die Möglichkeit, den 

Salmonellenstatus in Schweinebeständen durch Impfung der Tiere nachhaltig zu 

verbessern ohne dass die Gefahr einer impfungsbedingten Erhöhung der 

Seroprävalenz besteht. 
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I.1 

I Appendix 

List of abbreviations  

A. bidest. Aqua bidestillata 
acc. no. accession number 
A. dest. Aqua destillata 
A. pleuropneumoniae Actinobacillus pleuropneumoniae 
ABTS    2,2'-azino-di- [3-ethylbenzthiazoline-6-sulfonate] 
aspartase aspartate ammonia-lyase 
BALF bronchoalveolar lavage fluid 
bp base pair(s) 
BCIP 5-bromo-4-chloro-3-indolyl phosphate 
cDNA complementary DNA 
CFU colony forming unit 
CSB agar Columbia Sheep Blood agar 
dATP deoxyadenosine triphosphate 
dCTP deoxycytosine triphosphate 
dGTP deoxyguanosine triphosphate 
dTTP deoxythymidine triphosphate 
Da Dalton 
DEPC diethyl pyrocarbonate 
DMSO dimethyl sulfoxide 
DNA deoxyribonucleic acid 
DNAse deoxyribonuclease 
dNTP deoxynucleotide triphosphate 
DTT dithiotreitol 
E. coli Escherichia coli 
EDTA ethylenediamine tetraacetic acid 
ELISA enzyme linked immunosorbent assay 
et al. et alii 
Fig. figure 
Fur ferric uptake regulator 
g gram(s) 
GSP gene specific primer 
h hour(s) 
IEF    isoelectric focusing 
IgG    immunoglobulin G 
IP    isoelectric point 
IPG immobilized pH gradient 
IPTG    isopropyl-β-D-thiogalactopyranoside  
IVET In Vivo Expression Technology 
k kilo 
kb kilo base pair(s) 
kDa kilo Dalton 
KIU    kallikrein inhibitor-units 
l    liter 
LB Luria Bertani 
LPS    lipopolysaccharides  
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M molar 
m milli 
µ micro 
Mb mega base pair(s) 
min minute(s) 
ml milliliter 
mRNA messenger RNA 
MS     mass spectrometry 
n nano 
NAD nicotine amide dinucleotide 
NBT nitroblue tetrazolium 
ODxxx optical density at xxx nanometers 
ORF open reading frame 
p pico 
PCR polymerase chain reaction 
PFGE pulsed field gel electrophoresis 
PMSF phenylmethylsulfonyl flouride 
Q-TOF MS  quadrupole time-of-flight mass spectrometry 
RDA Representational Difference Analysis 
RNA ribonucleic acid 
RNase ribonuclease 
rpm rounds per minute 
SCOTS Selective Capture Of Transcribed Sequences 
SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
sec second(s) 
spp. species 
STM Salmonella Typhimurium 
S. Typhimurium Salmonella Typhimurium 
St. aureus  Staphylococcus aureus 
TCA trichloroacetic acid 
TCA cycle    tricarboxylic acid cycle 
TMAO    trimethyl aminoxid  
TOF time-of-flight  
UV ultraviolet 
U unit 
V volt 
v/v volume by volume 
w/v weight by volume 
wt wild type 
® registered trademark 
2D-PAGE   two-dimensional-polyacrylamide gel electrophoresis 
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I.2 Chemicals 

Acetone ROTH, Karlsruhe 

Acridine orange Merck, Darmstadt 

Acrylamide SERVA, Heidelberg 

L-Asparagine SIGMA, Deisenhofen 

2,2'-azino-di (3-ethyl-benzthiazoline-6- sulfonate), ABTS ROTH, Karlsruhe 

Agar OXOID, Wessel 

Agarose APPLIGENE, Illkirch, 
France 

Ammonium persulfate ROTH, Karlsruhe 

Ammonium sulfate ROTH, Karlsruhe 

Bacto® Peptone DIFCO, Augsburg 

Bacto® Tryptone DIFCO, Augsburg 

Batophenanthroline disulfonate (BPS) SIGMA, Deisenhofen 

BCIP (5-bromo-4-chloro-3-indolyl phosphate) SIGMA, Deisenhofen 

Bisacrylamide SERVA, Heidelberg 

Boric acid SIGMA, Deisenhofen 

Bromphenol blue SIGMA, Deisenhofen 

5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside ROTH, Karlsruhe 

Bovine serum albumin (BSA) fraction V ROTH, Karlsruhe 

Calcium chloride SIGMA, Deisenhofen 

Chloroform ROTH, Karlsruhe 

Citric acid SIGMA, Deisenhofen 

Coomassie® brilliant blue 250G SIGMA, Deisenhofen 

Coomassie® brilliant blue 250R SIGMA, Deisenhofen 

CTAB (N-Cetyl-N,N,N,trimethylammoniumbromid) Merck, Darmstadt 

Di-ammoniumcitrat SIGMA, Deisenhofen 

Diethanolamine Merck, Darmstadt 

2´-deoxynucleotide 5´-triphosphate (dNTP) ROTH, Karlsruhe 

Dimethylformamide SIGMA, Deisenhofen 

Dimethylsulfoxide (DMSO) ROTH, Karlsruhe 

Dithiotreit (DTT) ROTH, Karlsruhe 

Ethanol 
Elch-Apotheke, 

Hannover 
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Ethidium bromide SIGMA, Deisenhofen 

Ethylene diamine tetraacetic acid (EDTA) SIGMA, Deisenhofen 

Ferric-amomoniumcitrat SIGMA, Deisenhofen 

Fetal calf serum (FCS) GIBCO, Carlsbad, U.S.A 

Formaldehyde ROTH, Karlsruhe 

Gelatin SIGMA, Deisenhofen 

D (+) glucose monohydrate MERCK, Darmstadt 

L-glutamine SERVA, Heidelberg 

Glycerol ROTH, Karlsruhe 

Glycine SIGMA, Deisenhofen 

Guanidine hydrochloride SIGMA, Deisenhofen 

Guanidin iso thhiocyanate SIGMA, Deisenhofen 

Hydrochloric acid ROTH, Karlsruhe 

IPG® buffer Pharmacia, Freiburg 

Isoamyl alcohol MERCK, Darmstadt 

Isopropanol ROTH, Karlsruhe 

Isopropyl β-D-thiogalactopyranoside (IPTG) ROTH, Karlsruhe 

Kanamycin SIGMA, Deisenhofen 

Lysozym ROTH, Karlsruhe 

Magnesium sulfate SIGMA, Deisenhofen 

Methanol ROTH, Karlsruhe 

Methylene blue SIGMA, Deisenhofen 

Mineral oil SIGMA, Deisenhofen 

NBT (nitroblue tetrazolium) ROTH, Karlsruhe 

Nicotinamide dinucleotide (NAD) Merck, Darmstadt 

Oleic acid ROTH, Karlsruhe 

Penicillin ROTH, Karlsruhe 

Phenol (Roti®-Phenol, TE equilibrated) ROTH, Karlsruhe 

p-nitrophenyl phosphate (pNPP) SIGMA, Deisenhofen 

Potassium acetate SIGMA, Deisenhofen 

Potassium chloride SIGMA, Deisenhofen 

Potassium dihydrogen phosphate SIGMA, Deisenhofen 

Proteinase K ROTH, Karlsruhe 

Saccharose ROTH, Karlsruhe 
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Sarcosyl (N-lauryl-sarcosine) SIGMA, Deisenhofen 

Sodium acetate SIGMA, Deisenhofen 

Sodium carbonate Merck, Darmstadt 

Sodium chloride SIGMA, Deisenhofen 

Sodium deoxycholate SIGMA, Deisenhofen 

Sodium dodecyl sulfate (SDS) SIGMA, Deisenhofen 

Sodium hydrogen carbonate Merck, Darmstadt 

Di-sodium hydrogen phosphate SIGMA, Deisenhofen 

Sodium hydroxide SIGMA, Deisenhofen 

Streptomycin ROTH, Karlsruhe 

Sucrose Merck, Darmstadt 

N, N, N´, N´-Tetramethylenediamine (TEMED) SIGMA, Deisenhofen 

Tris (Hydroxymethyl aminomethane) SIGMA, Deisenhofen 

TritonX® SIGMA, Deisenhofen 

Tween®20 SIGMA, Deisenhofen 

Tween®80 ROTH, Karlsruhe 

Urea SIGMA, Deisenhofen 

Xylene cyanol SIGMA, Deisenhofen 

Yeast extract OXOID, Wessel 

Zinc sulfate SIGMA, Deisenhofen 
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I.3 Animal experiments 
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