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A Introduction 
 

Actinobacillus (A.) pleuropneumoniae is a gram-negative rod that causes porcine 

pleuropneumonia, a highly infectious disease of pigs leading to severe economic 

losses worldwide. Infected animals develop disease symptoms ranging from acute 

fibrinous pneumonia and pleuritis with high mortality to chronic lung lesions resulting 

in reduced growth rates. The pathogen is able to persist on respiratory tract 

epithelium, in sequestered lesions and in tonsils for weeks leading to clinically 

healthy carrier pigs, which are the major source of new outbreaks. Two biotypes and 

15 serotypes have been described. All serotypes are capable of causing disease, 

although differences in virulence between the serotypes have been described. 

Several virulence factors such as capsule, lipopolysaccharides (LPS), outer 

membrane proteins and, most importantly, four Apx toxins produced in a serotype 

specific manner are known. 

Not only due to growing problems of antibiotic resistance, but also due to a growing 

consumer demand concerning food safety, vaccination to prevent bacterial infections 

is of increasing relevance. The goal of current vaccine development efforts 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. This goal could be achieved following the 

concept of DIVA (Differentiating Infected and Vaccinated Animals) vaccines which is 

based on the absence of one immunogenic protein in the vaccine strain which is 

present in the wild type.  

Most commercial vaccines against A. pleuropneumoniae infection consist of whole 

cell bacterins; they reduce mortality, but do not prevent initial infection or the 

development of the carrier state. Furthermore, protection is usually limited to the 

serotype used in the vaccine preparation, and a differentiation between infected and 

vaccinated animals is not possible. Therefore, it was the primary goal of this study to 

persecute two different strategies of DIVA vaccine development against A. 

pleuropneumoniae infection. One focus was on the construction of a subunit DIVA 

vaccine and the verification of its protective efficacy upon homologous and 

heterologous challenge. The second focus was on the further attenuation of a 

prototype live DIVA vaccine and the elucidation of its cross-protective potential. 
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B Literature review 

B.1 Actinobacillus pleuropneumoniae 

B.1.1 Taxonomy 

Actinobacillus (A.) pleuropneumoniae is a gram-negative non-motile rod that belongs 

to the family of Pasteurellaceae. Originally this pathogen was classified as 

Haemophilus (H.) pleuropneumoniae (SHOPE et al. 1964), but based on high DNA 

homologies to Actinobacillus lignieresii, it was transferred to the genus Actinobacillus 

(POHL et al. 1983). 

There are two biotypes of A. pleuropneumoniae differentiated on the basis of their 

NAD requirement. Biotype 1 strains require NAD supplementation, whereas biotype 2 

strains can synthesize NAD (NICOLET 1992; NIELSEN et al. 1997; POHL et al. 

1983). Based on surface polysaccharides, biotype 1 is divided into serotypes 1 – 12 

and 15, and biotype 2 into serotypes 2, 4, 7, 9, 13 and 14 (BLACKALL et al. 2002; 

NIELSEN et al. 1997; SCHALLER et al. 2001). Serotypes 1 and 5 are further 

differentiated into 1a and 1b, and 5a and 5b, respectively, based on minor 

differences in polysaccharide structures (JOLIE et al. 1994; PERRY 1990). A. 

pleuropneumoniae serotypes are partially cross-reactive and can be divided into 

three different groups due to common antigenic determinants, namely the 3, 6, 8 - 

group  (NIELSEN 1985), the 1, 9, 11 – group (INZANA et al. 1992), and the 4, 7 – 

group (NICOLET 1988). A. pleuropneumoniae serotypes 2, 5, 10 and 12 can not be 

assigned to any group (NIELSEN 1984).  

It has been observed, though not experimentally confirmed, that A. 

pleuropneumoniae biotype 1 strains are more virulent than biotype 2 strains, and 

from biotype 1 strains, serotypes 1, 5, 9 and 10 are considered to be the most 

virulent ones (HAESEBROUCK et al. 1997). 

B.1.2 Significance and epidemiology 

The etiological agent of porcine pleuropneumonia, A. pleuropneumoniae was first 

identified in Great Britain in 1957 (NICOLET 1992). It is highly specific for pigs, 

though it was occasionally isolated from lambs (HERVAS et al. 1996; NIELSEN 

1986). It is distributed worldwide, but the prevalence of serotypes and biotypes is 

very variable. Serotypes 2, 3, 4, 7 and 9 are the predominantly isolated serotypes in 

Europe, whereas in the United States serotypes 1, 5 and 7 and in Australia serotype 
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15 are isolated most frequently (BLACKALL et al. 2002; BLAHA 1992; CHIERS et al. 

2002a). 

A. pleuropneumoniae is transmitted via droplets at close range (NICOLET et al. 

1969), within shared air space, or by direct contact with infected pigs (JOBERT et al. 

2000; TAYLOR 1995; TORREMORELL et al. 1997). The tenacity of the pathogen in 

the environment is low and disinfection is highly efficacious. Thus, subclinically 

infected carrier pigs are by far the most common means of transmitting A. 

pleuropneumoniae between herds, and transmission via personnel or fomites is of 

limited importance (FENWICK a. HENRY 1994; RYCROFT a. GARSIDE 2000; 

TAYLOR 1995). Environmental factors like crowding, poor ventilation and poor 

hygiene as well as continuous mixing of animal groups instead of all-in-all-out 

systems increase morbidity and mortality (FENWICK a. HENRY 1994; NICOLET 

1992). The economical losses are, on the one hand, due to death in the acute phase 

of disease and, on the other hand, due to reduced growth rates of convalescent and 

chronically infected pigs (STRAW et al. 1989). 

B.1.3 Infection, disease and immunity 

Porcine pleuropneumonia can occur in pigs of all ages, although pigs appear most 

susceptible to disease between 10 and 16 weeks of age (FENWICK a. HENRY 

1994). The course of disease can range from peracute to chronic depending on the 

serotype of infection, the immune status of the host, and the infection dose 

(CRUIJSEN et al. 1995; ROSENDAL et al. 1985; SEBUNYA et al. 1983). Typical 

clinical signs of the acute phase like fever, respiratory distress and vomiting are the 

result of the fibrinous and necrotizing pleuropneumonia, sometimes associated with 

pulmonary hemorrhage and affection of pericardium and joints (BERTRAM 1985; 

ROSENDAL et al. 1985; TAYLOR 1999). In the chronic state, the altered lung 

contains sequestered tissue with persistent pleural lesions (DIDIER et al. 2002; 

LIGGETT et al. 1987). 

Outbreaks, particularly when occuring shortly after weaning, often lead to high 

mortality (NICOLET 1992) with death mostly seen in the first five days after infection 

(SEBUNYA a. SAUNDERS 1983). Surviving pigs suffer from lung lesions, pleural 

adhesions and increased susceptibility to secondary infections accompanied with 

reduced growth rates. Older pigs are also susceptible to clinical disease, but it occurs 

more sporadically. On a herd basis, clinically severe disease is rare with mild clinical 

infections being the rule, not the exception (FENWICK a. HENRY 1994). 
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The humoral immune response is thought to play an essential role in mediating a 

protective immunity against A. pleuropneumoniae infection with immunoglobulin (Ig) 

G being of major importance, though the mechanisms are partly still unclear (BOSSE 

et al. 1992; DEVENISH et al. 1990; RYCROFT a. GARSIDE 2000). Neonatal pigs are 

protected by colostral immunity which prevents clinical disease. This passive 

immunity is decreasing over time, rendering animals susceptible at 10 to 16 weeks of 

age (CRUIJSEN et al. 1992; NIELSEN 1975). Natural infection leads to detectable 

antibodies after 10 days, with a maximum titer reached three to four weeks after 

infection and persisting for several months (HAESEBROUCK et al. 1997). Pigs 

surviving natural or experimental infection are at least partially protected from clinical 

symptoms upon infection with another serotype (CRUIJSEN et al. 1995; 

HAESEBROUK et al. 1996; NIELSEN R 1979; NIELSEN 1984). This protection is 

probably attributed to cross-reacting antigens such as lipopolysaccharides (LPS), 

outer membrane proteins and Apx-toxins (JOLIE et al. 1994). 

 

B.1.4 Virulence factors and virulence-associated factors 

Virulence - per definition – is the capability of a pathogen to cause disease. Virulence 

factors are defined as bacterial products that aid growth or survival of a bacterium in 

the host, thereby contributing to infection and disease (MAHAN et al. 1996; 

MEKALANOS 1992). Proteins, which are involved in both metabolism and virulence 

are designated as virulence-associated factors. 

B.1.4.1 Fimbriae, LPS and capsule 

Colonisation, i.e. the ability of a pathogen to adhere to the host cell surfaces and to 

multiply within the host, is often a prerequisite for the production of disease. The role 

of fimbriae for adherence has been well defined for a wide variety of pathogens 

(SAUER et al. 2000). Fimbriae have also been identified in A. pleuropneumoniae, but 

their expression appears to be unstable and regulated by currently unknown growth 

factors present in vivo or by contact to primary lung epithelial cells (BOEKEMA et al. 

2004; STEVENSON et al. 2003; UTRERA a. PIJOAN 1991; ZHANG et al. 2000). 

Lipopolysaccharides (LPS) comprise polysaccharide (O) side chains; core 

polysaccharides; and lipid A which is responsible for the LPS toxicity through 

stimulation of cytokine release (BAARSCH et al. 1995). The hypothesis that LPS may 

play a role in adherence of A. pleuropneumoniae was suggested following the 

http://www.answers.com/main/ntquery;jsessionid=amso6k8m8h50c?dsid=2222&dekey=Polysaccharide&sbid=lc06a
http://www.answers.com/main/ntquery;jsessionid=amso6k8m8h50c?dsid=2222&dekey=Lipid+A&sbid=lc06a
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observation that strains expressing smooth type LPS (due to long O-antigen side 

chains) adhered better to porcine tracheal rings than those with semi-rough type LPS 

(short O-antigen side chains, BELANGER et al. 1990). Furthermore, LPS mediate 

hemoglobin binding (BELANGER et al. 1995). However, the role of high molecular-

mass polysaccharides in adherence must be reconsidered and needs further 

elucidation, since isogenic LPS mutants adhere in greater numbers to frozen tracheal 

rings than the wild type strains (RIOUX et al. 1999).  

The A. pleuropneumoniae capsule consists of non-branching polysaccharides built 

from repeating disaccharides, covers the whole bacterium and is in itself non toxic 

(FENWICK a. OSBURN 1986; INZANA 1987). It protects bacteria from porcine 

serum and phagocytosis by sterically hindering the binding of antibodies directed 

against somatic antigens. Thereby, strains with thicker capsules are more virulent 

than strains with a thin capsule (INZANA et al. 1988; JENSEN a. BERTRAM 1986; 

ROSENDAL a. MACINNES 1990). In contrast, the capsule reduces adherence, since 

non-capsulated mutant strains adhere better to piglet tracheal frozen sections than 

the encapsulated parent strain (RIOUX et al. 2000). 

B.1.4.2 RTX-toxins 

The hemolysins of A. pleuropneumoniae belonging to the family of RTX toxins (RTX 

– repeat in toxin) are widely spread among gram-negative pathogenic bacteria 

(WELCH 1991). Biochemical and biophysical analyses revealed that they have 

repetitive, glycin-rich sequences of nine amino acids in length near the carboxy 

terminus. They are pore-forming proteins with hemolytic activity and/or toxicity 

towards nucleated cells (FREY a. NICOLET 1988; GENTSCHEV et al. 2002; 

THOMPSON et al. 1993). A. pleuropneumoniae produces four different RTX toxins, 

which are called Apx toxins, namely the strongly hemolytic and cytotoxic ApxI, the 

weakly hemolytic and moderately cytotoxic ApxII, the nonhemolytic, but strongly 

cytotoxic, ApxIII and the weakly hemolytic ApxIV. As the latter is only expressed in 

vivo, information on its lytic behaviour is based on experiments with recombinant 

protein. All Apx toxins are furthermore able to induce a CAMP-like phenomenon 

(FREY et al. 1994b; SCHALLER et al. 1999). With the exception of ApxII, which lacks 

the secretion genes, the operons of the ApxI - III toxins are composed of four genes, 

the activator gene apxC, the structural toxin gene apxA and the secretion genes 

apxB and apxD (FREY et al. 1994a). In the apxIV operon, only the apxIVA gene 

shares similarities with genes of the other Apx operons (SCHALLER et al. 1999). The 
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distribution of the Apx toxins varies between the serotypes. The ApxIVA gene is 

found in all serotypes, and ApxII is present in all serotypes but 10 and 14. ApxI is 

produced by serotypes 1, 5a, 5b, 9, 10, 11, 13 and 14 and ApxIII by 2, 3, 4, 6, 8 and 

15 (BLACKALL et al. 2002; FREY et al. 1993; JANSEN et al. 1994; KAMP et al. 

1991; NIELSEN et al. 1997; SCHALLER et al. 1999).  

The ApxI - III toxins play an important role in A. pleuropneumoniae infection; mutant 

strains lacking all three toxins are nonpathogenic (INZANA et al. 1991; PRIDEAUX et 

al. 1999), and endobronchial inoculation of pigs with culture supernatant or 

recombinant ApxI and ApxIII toxins resulted in severe clinical disease and lesions 

indistinguishable from those seen in acutely infected animals. In contrast, inoculation 

with recombinant ApxII toxin resulted in few or no clinical signs and mild lung lesions 

(KAMP et al. 1997). Thus, ApxII toxin appears to contribute only minimally to lesion 

formation, despite the fact that serotype 7 strains which produce only ApxII are 

capable of causing severe disease with typical lung lesions (FREY et al. 1993; KAMP 

et al. 1997). The ApxIV toxin seems to play a role in the pathogenesis, but it requires 

further elucidation (SCHALLER et al. 1999).  

B.1.4.3 Iron acquisition 

Iron limitation is an essential defence factor of the mammalian defense system, and 

A. pleuropneumoniae has developed several iron uptake mechanisms to overcome 

this limitation. Most importantly, the pathogen can use host transferrin (GERLACH et 

al. 1992b; GONZALEZ et al. 1995; WILKE et al. 1997), hemoglobin and hemin 

(ARCHAMBAULT et al. 2003; BELANGER et al. 1995; DENEER a. POTTER 1989), 

as well as various exogenous microbial siderophores (DIARRA et al. 1996), as a sole 

source of iron for growth. Binding of these proteins is mediated by highly specific 

surface receptors. The transferrin-iron uptake system is composed of two iron-

repressible proteins, the outer membrane-associated lipoprotein TbpB (60kDa) and 

the integral outer membrane protein TbpA (100kDa). The 60 kDa component has 

been shown to be highly divergent among serotypes (GERLACH et al. 1992b; 

GONZALEZ et al. 1995; WILKE et al. 1997). Although A. pleuropneumoniae can 

utilize different iron sources, the transferrin-binding proteins seem to be of an 

outstanding importance for A. pleuropneumoniae virulence, since mutant strains 

lacking either of them are unable to colonize and to induce an infection (BALTES et 

al. 2002).  
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In A. pleuropneumoniae, as in many other bacteria, the expression of iron uptake 

systems is regulated by the ferric uptake regulator Fur, which complexes ferrous iron 

and in its iron-loaded form acts as a transcriptional repressor (BAGG a. NEILANDS 

1987; GONZALEZ et al. 1995). Deletion of the fur gene in A. pleuropneumoniae 

leads to constant high-level expression of iron-uptake proteins such as TpbA and 

TbpB thereby impairing the ability of the pathogen to cause clinical disease 

(JACOBSEN et al. 2005a). 

B.1.4.4 Anaerobic respiration 

Enzymes involved in anaerobic respiration are intrinsically housekeeping-genes, but 

they appear to play a role in virulence and persistence of A. pleuropneumoniae, since 

the oxygen level in sequestered tissue is reduced (BALTES a. GERLACH 2004). 

Also, the epithelial lining fluid (ELF) seems to be able to induce expression of these 

enzymes, as shown by supplementation of culture medium with bronchoalveolar 

lavage fluid from A. pleuropneumoniae infected pigs (BALTES et al. 2003a; 

JACOBSEN et al. 2005b). The dimethyl sulfoxide (DMSO) reductase, the [NiFe] 

hydrogenase 2 as well as the aspartate ammonia lyase (aspartase) are potential 

components of anaerobic respiration systems active under microaerophilic or 

anaerobic conditions. In recent studies, A. pleuropneumoniae serotype 7 mutant 

strains deficient to produce one of these enzymes were characterized in vivo. A 

dmsA (encoding the DMSO reductase) mutant was shown to be attenuated in acute 

disease, since body temperatures were lower and clinical findings of an endoscopy 

analysis were less severe in pigs infected with the mutant strain than the wild type 

strain (BALTES et al. 2003a). A reduction of body temperatures in the acute phase of 

the disease was also observed in pigs infected with an hybB (encoding for the [NiFe] 

hydrogenase 2) deficient strain, although the virulence properties of this strain were 

otherwise indistinguishable from the parent strain (BALTES et al. 2004). Likewise, the 

deletion of the aspartase encoding aspA gene leads to clinical attenuation and a 

slight reduction of lung lesions. Furthermore, deletion of both the dmsA and the aspA 

genes was shown to have cumulative effects on the reduction of clinical signs  

(JACOBSEN et al. 2005b). 

Expression of the DMSO reductase and the aspartase is regulated in A. 

pleuropneumoniae by the global anaerobic regulator HlyX, a homologue of the E. coli 

FNR regulator (fumarate and nitrate reduction). Mutant strains lacking the HylX 

regulator are not able to reliably colonize the respiratory tract epithelium, but are still 
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virulent and can persist in sequestered lung tissue, thereby implying that other, yet 

unidentified, regulators are involved in regulation of the anaerobic respiration 

(BALTES et al. 2005). 

 

B.1.4.5 Other factors 

The enzyme urease is commonly found in A. pleuropneumoniae clinical isolates, 

although one spontaneously urease-negative strain could be isolated (BLANCHARD 

et al. 1993). The enzyme catalyses the hydrolysis of urea to produce ammonia and 

carbon dioxide. Ammonia is a preferred nitrogen source for many bacteria and can 

increase the pH, thereby producing a favorable environment for multiplication. The 

urease seems to contribute to the ability of A. pleuropneumoniae to establish 

infection and subsequently cause disease, but its full relevance is not clear. A urease 

deficient mutant strain is not able to establish disease at low dose challenge (BOSSE 

a. MACINNES 2000), but at high dose challenge no differences were observed 

between the mutant strain and the parent strain (BALTES et al. 2001; TASCON 

CABRERO et al. 1997).  

Further virulence factors include a protease, which cleaves secreted porcine IgA, 

thereby possibly facilitating colonization of the lower respiratory tract (KILIAN et al. 

1979; NEGRETE-ABASCAL et al. 1994), and a Cu,Zn superoxide dismutase which 

protects A. pleuropneumoniae from reactive oxygen radicals in vitro, but is not 

required for virulence (LANGFORD et al. 1996; SHEEHAN et al. 2000). Several 

further factors potentially involved in virulence were identified using signature-tagged 

mutagenesis (SHEEHAN et al. 2003). 

 

B.2 Vaccination 

Not only due to growing problems of antibiotic resistance, but also due to a growing 

consumer demand concerning food safety, vaccination to prevent bacterial infections 

is of increasing relevance (VAN OIRSCHOT 1994; WHITE et al. 2002). Therefore, 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 alterations, as well as colonization, persistence and secretion of the 

pathogen. Furthermore, the goal of current efforts in vaccine development is to obtain 

a formulation facilitating the generation and maintenance of specified pathogen-free 
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(SPF) herds, as this is the best means with respect to long-term animal health and 

consumer protection (GROSSKLAUS 2001). This goal could be achieved following 

the concept of DIVA (Differentiating Infected and Vaccinated Animals) vaccines (VAN 

OIRSCHOT 2001), which is based on the absence of one immunogenic protein in the 

vaccine strain which is present in the wild-type. 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) 

which are being used successfully to eradicate disease. 

A multitude of different A. pleuropneumoniae vaccine formulations is currently in use 

or has been tested experimentally, but all are hampered by characteristic traits of the 

species A. pleuropneumoniae. Thus, all commercial vaccines are able to reduce 

mortality, but they do not prevent initial infection and the development of the carrier 

state. Furthermore, protection is usually limited to the serotype used in the vaccine 

preparation, and a differentiation between infected and vaccinated animals is not 

possible (FENWICK a. HENRY 1994; HIGGINS et al. 1985). 

 

B.2.1 Inactivated whole cell bacterins 

Inactivated whole cell bacterins are the most commonly used vaccines against A. 

pleuropneumoniae infection and immunization requires at least two injections. 

Bacterins consist of liquid cultures which are usually inactivated with formaldehyde; 

the culture is then centrifuged and resuspended in an adequate buffer and an 

adjuvant is added (HIGGINS et al. 1985). They can prevent clinical disease and 

reduce mortality upon challenge with the homologous serotype. However, they do not 

prevent colonisation of A. pleuropneumoniae and, therefore, carrier pigs capable of 

shedding the organism frequently occur. Immunity induced by bacterins is serotype 

specific, and a differentiation between vaccinated and infected animals is not 

possible (CHIERS et al. 1998; FENWICK a. HENRY 1994; NICOLET 1992). An 

explanation for the limited protection might be the absence of Apx toxins and certain 

virulence factors in bacterins (FENWICK a. HENRY 1994). This hypothesis is 

supported by the fact that a vaccine containing inactivated A. pleuropneumoniae 

bacteria grown under circumstances resulting in increased in vitro adhesion induced 

better protection than a vaccine containing inactivated A. pleuropneumoniae bacteria 

grown under standard conditions resulting in low in vitro adhesion (VAN OVERBEKE 

et al. 2003). The limited protection could also be the result of antigens that decrease 
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the protective efficacy of other antigens in the vaccine as shown for the outer 

membrane protein PalA, which counteracts the protective efficacy of an ApxI and 

ApxII vaccine when it is supplemented with PalA (VAN DEN BOSCH a. FREY 2003). 

A special form of the whole cell bacterins are autologous or herd-specific vaccines, 

which are prepared from bacteria isolated in the herd in which the vaccine should be 

used. These vaccines in the European Union must only be used when no commercial 

vaccines are available and only in the herd the vaccine strain was isolated from; for 

these vaccines only sterility but not efficacy must be documented by the 

manufacturer. Application of these vaccines can reduce morbidity and mortality and 

improve daily weight gain (HURNIK 1996; ROSENDAL et al. 1981). 

B.2.2 Live vaccines 

Pigs surviving natural or experimental infections with A. pleuropneumoniae are at 

least partially protected from clinical symptoms upon infection with another serotype 

(CRUIJSEN et al. 1995; HAESEBROUCK et al. 1996; NIELSEN 1979; NIELSEN 

1984). This implies that there are protective antigens or immunomodulatory 

compounds produced by the organism in vivo which are not produced in vitro, leading 

to the suggestion that a live attenuated vaccine strain might have the potential to 

produce these factors and induce broad cross-protective immunity against all A. 

pleuropneumoniae serotypes. An ideal live bacterial vaccine, however, would have to 

have several additional features in comparison to strains used for the production of 

inactivated vaccines; thus, it must be genetically stable even when within the host, it 

must be unable to persist over extended periods of time, and it must be susceptible 

to all clinically useful antibiotics (CURTISS 2002). Several attempts to obtain a 

defined live attenuated A. pleuropneumoniae strain have been carried out in the past, 

focusing on different virulence aspects of the pathogen, but none of them has been 

considered sufficiently well-engineered and tested for marketing in Europe, yet. 

Capsule deficient mutant strains of A. pleuropneumoniae serotypes 1 and 5 were 

produced by chemical mutagenesis and were shown to be attenuated. Upon 

subcutaneous application they protect pigs from clinical symptoms, mortality, and the 

development of lung lesions upon challenge with the virulent parent strain. However, 

the mutant strains themselves are still able to cause disease upon intranasal 

application (INZANA et al. 1993). A. pleuropneumoniae was also attenuated focusing 

on biosynthetic pathways. A genetically defined riboflavin auxotroph of A. 

pleuropneumoniae was shown to induce a partially protective immunity upon 
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homologous and heterologous challenge as assessed by a decrease of clinical signs, 

but it did not have a beneficial effect on the extent and severity of lung lesions 

(FULLER et al. 2000). Furthermore, an A. pleuropneumoniae serotype 7 strain was 

genetically manipulated to be nonhemolytic, but still to produce an inactivated ApxII 

toxin. This strain is able to protect pigs upon challenge with a heterologous serotype 

1 strain (PRIDEAUX et al. 1999). Protective efficacy of these three A. 

pleuropneumoniae mutant strains required at least two applications of a very high 

dose (~109 colony forming units per pig).  Furthermore, they either contain undefined 

mutations or an antibiotic resistance cassette, limiting their use in the field. To avoid 

problems with undefined mutations or antibiotic resistance, Bei et al. (BEI et al. 2005) 

applied homologous recombination to construct a nonhemolytic A. pleuropneumoniae 

serotype 7 strain which still secreted an inactivated ApxII toxin. This strain was 

attenuated and able to induce a protective immunity in the mouse model, but still 

required a vaccination dose similar to the strains mentioned above. Tonpitak et al. 

(TONPITAK et al. 2002) were also able to avoid undefined mutations and antibiotic 

resistance. They constructed an A. pleuropneumoniae serotype 2 double mutant 

lacking the ApxII toxin and the enzyme urease by using a single step-

transconjugation system (OSWALD et al. 1999). This double mutant was attenuated, 

and it protected pigs from homologous challenge upon a single aerosol application. 

Furthermore, it follows the DIVA concept which is based on the absence of an 

immunogenic protein (ApxII) in the vaccine strain. In addition, the vaccination dose is 

very low in comparison to the live vaccines mentioned above (~105 colony forming 

units aerolized for 4 pigs), and a single application is sufficient for protection. 

However, this prototype marker vaccine strain was still able to cause clinical disease 

in a small proportion of pigs.  

  

B.2.3 Subunit vaccines 

A subunit vaccine, per definition, is composed of purified antigenic determinants that 

are separated from the disease-causing organism. Several single antigens of A. 

pleuropneumoniae  have been tested for their possible use as vaccine components, 

focusing on outer membrane proteins, capsule, LPS, and secreted Apx toxins. 

Recombinant outer membrane lipoprotein A (OmlA), recombinant TbpB protein, 

purified ApxII toxin, as well as purified capsular polysaccharide and LPS used as 

vaccine antigen were able to reduce mortality, clinical symptoms and pathological 
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alterations upon challenge with the homologous serotype (BUNKA et al. 1995; BYRD 

et al. 1992; DEVENISH et al. 1990; GERLACH et al. 1993; ROSSI-CAMPOS et al. 

1992). Further improvements have been made by using subunit vaccines containing 

several Apx toxins. They confer a better cross-protection than bacterin vaccines and 

increase the performance of the animals (HAESEBROUCK et al. 1997), but they only 

induce partial clinical protection if the challenge dose is high (CHIERS et al. 1998). 

This implies that other factors are also involved in protective immunity. Thus, a 

vaccine containing both Apx toxins and transferrin binding proteins was shown to  

induce better protection against challenge with A. pleuropneumoniae serotype 9 than 

the vaccine solely based on Apx toxins (VAN OVERBEKE et al. 2001).  Since a 

subunit vaccine containing A. pleuropneumoniae Apx toxins and a 42 kDa outer 

membrane protein has become commercially available, it could be confirmed that its 

use results in reduction of clinical symptoms and lung lesions of acute and chronic 

pleuropneumonia and in an improvement of performance (growth, feed conversation, 

cost of medication) (CHIERS et al. 1998; MARTELLI et al. 1996; POMMIER et al. 

1996; VALKS et al. 1996). Furthermore, this is the only commercial vaccine which, 

based on the absence of the ApxIV toxin, allows the serological discrimination 

between vaccinated and infected herds. Goethe et al. (2000) proposed a novel 

strategy for A. pleuropneumoniae subunit vaccines. Antigens were the cell-free 

culture supernatants obtained after treatment of iron-restricted A. pleuropneumoniae 

broth cultures with a mild detergent. This supernatant is enriched for lipoproteins 

associated with the outer membrane (such as the TbpB and OmlA proteins), but it 

contains no periplasmic or cytoplasmic proteins. Vaccination with a combination of 

preparations of A. pleuropneumoniae serotypes 2 and 9 was shown to be highly 

protective for pigs upon challenge with a serotype 2 wild type strain. However, this 

vaccine does not have a DIVA function (i.e. does not allow the discrimination 

between infected and vaccinated herds). 

B.2.4 Others 

Bacterial ghosts are produced by the expression of cloned bacteriophage φX174 lysis 

gene E in gram-negative bacteria. Protein E forms a tunnel structure spanning the 

whole cell wall complex, through which cytoplasmic contents are expelled. The 

resulting bacterial ghosts present functional and antigenically active envelope 

structures of their living counterparts in a native conformation, since this genetic 
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inactivation process does not cause any physical or chemical denaturation to 

bacterial surface structures (WITTE et al. 1990; WITTE et al. 1992). Intramuscular 

immunization with A. pleuropneumoniae serotype 9 ghosts protected pigs upon 

challenge with a homologous serotype. Furthermore, ghosts were shown to prevent 

colonization of the respiratory tract and development of the carrier state (HENSEL et 

al. 2000). The ghost vaccine was presumed to have different contents of antigenic 

proteins than formalin-inactivated bacterins, but only a 100 kDa protein was 

recognized significantly stronger by immune serum of ghost vaccinated pigs (HUTER 

et al. 2000).  

In oral immunization trials Hensel et al. (HENSEL et al. 1995) were able to protect 

pigs from challenge with a homologous serotype. Thus, pigs were immunized with a 

single dose of 1011 viable or inactivated A. pleuropneumoniae serotype 9 given orally 

in a gelatin capsule. This vaccination did not induce clinical side effects and elicited 

pulmonary and systemic antibodies. 
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B.3 Working hypothesis 

As the work described in the literature review demonstrates, currently used vaccines 

against A. pleuropneumoniae infection are far away from being fully sophisticated 

with respect to cost-efficient control and eventual eradication of the disease. Usually 

they only reduce mortality but fail to prevent colonisation or development of the 

carrier state. Furthermore protection is usually limited to the serotype used in the 

vaccine preparation, and a differentiation between infected and vaccinated animals is 

not possible. 

 

The study presented here had the following goals: 

 

- to gradually increase the attenuation of the prototype live DIVA vaccine strain 

(TONPITAK et al. 2002) by deleting newly identified virulence-associated genes 

using an established single-step transconjugation system and to investigate the 

properties of the resulting 6-fold mutant strain as a live negative marker vaccine to 

induce a protective immune response upon challenge with a heterologous A. 

pleuropneumoniae serotype 9 strain; 

 

-to develop a previously described subunit vaccine (GOETHE et al. 2000) into a DIVA 

vaccine by constructing isogenic mutants of A. pleuropneumoniae serotypes 1, 2, 5 

and 9 carrying deletions in the immunogenic apxIIA gene and to investigate the 

protective efficacy of this DIVA vaccine upon homologous and heterologous 

challenge as well as the principle functionality of the ApxIIA protein as a serological 

marker. 
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C Materials and Methods 
 

C.1 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). Equipment and 

specific biologicals are indicated in footnotes.  

C.2 Bacterial cultures 

C.2.1 Bacterial strains 

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

 

Table 1: List of bacterial strains used in this study 

Strains Characteristics Reference or source 

E. coli DH5αF' 

F'/endA1 hsdR17 (rK-mK+) supE44 
thi-1 recA1 gyrA (Nalr) relA1 
Δ(lacZYA-argF) U169 deoR 
[Ф80dlacΔ(lacZ)M15] 

(RALEIGH et al. 
1989) 

E.coli β2155 
thrB1004 pro thi hsdS lacZΔM15 (F' 
lacZΔM15 lacIq traD36 proA+ proB+) 
Δdap::erm (Ermr) 

(DEHIO a. MEYER 
1997) 

E. coli TOP10 

F- mcrA Δ(mrr-hsdRMS-mcrBC) 
Φ80lacZΔM15 ΔlacX74 rec A1 deoR 
araD139 Δ(araleu)7697 galU galK 
rpsL (StrR) endA1 nupG 

TOPO TA Cloning, 
Invitrogen, Groningen, 

Netherlands 

A. pleuropneumoniae 
C5934 

A. pleuropneumoniae serotype 2 
clinical isolate from the lung of a 
diseased pig in northern Germany 

(TONPITAK et al. 
2002) 

A. pleuropneumoniae 
C5934 ΔapxIIAΔureC 

Unmarked apxIIA and ureC 
negative knockout mutant of A. 
pleuropneumoniae C5934 

(TONPITAK et al. 
2002) 

A. pleuropneumoniae Unmarked DmsA-negative knockout Gerlach, unpublished 
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Strains Characteristics Reference or source 

C5934 
ΔapxIIAΔureCΔdmsA 

mutant of A. pleuropneumoniae 
C5934 ΔapxIIAΔureC 

A. pleuropneumoniae 
C5934 

ΔapxIIAΔureCΔdmsA
ΔhybB 

Unmarked HybB-negative knockout 
mutant of A. pleuropneumoniae 
C5934 ΔapxIIAΔureCΔdmsA 

This work 

A. pleuropneumoniae 
C5934 

ΔapxIIAΔureCΔdmsA
ΔaspA 

Unmarked AspA-negative knockout 
mutant of A. pleuropneumoniae 
C5934 ΔapxIIAΔureCΔdmsA 

This work 

A. pleuropneumoniae 
C5934 

ΔapxIIAΔureCΔdmsA
ΔhybB ΔaspA 

Unmarked AspA-negative knockout 
mutant of A. pleuropneumoniae 
C5934 ΔapxIIAΔureCΔdmsAΔhybB 

This work 

A. pleuropneumoniae 
C5934 

ΔapxIIAΔureCΔdmsA
ΔhybB ΔaspAΔfur 

Unmarked Fur-negative knockout 
mutant of A. pleuropneumoniae 
C5934 ΔapxIIAΔureCΔdmsAΔhybB 
ΔaspA 

This work 

A. pleuropneumoniae 
DM322/5 

A. pleuropneumoniae serotype 2 
field isolate obtained from the 
Impfstoffwerk Dessau-Tornau 
GmbH 

(GOETHE et al. 2000)

A. pleuropneumoniae 
DM322/5 ΔapxIIA 

Unmarked apxIIA-negative knockout 
mutant of A. pleuropneumoniae 
DM322/5 

this work 

A. pleuropneumoniae 
K1711/84 

A. pleuropneumoniae serotype 5 
field isolate obtained from the 
Impfstoffwerk Dessau-Tornau 
GmbH 

this work 

A. pleuropneumoniae 
K1711/84 ΔapxIIA 

Unmarked apxIIA-negative knockout 
mutant of A. pleuropneumoniae 
K1711/84 

this work 

A. pleuropneumoniae   
ATCC 27088 Serotype 1 reference strain 

American Type 
Culture Collection, 

Masassas, VA, USA 
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Strains Characteristics Reference or source 

ATCC 27088 ΔapxIIA Unmarked apxIIA-negative knockout 
mutant of ATCC 27088 this work 

A. pleuropneumoniae 
C1268 

A. pleuropneumoniae serotype 9 
field isolate, obtained from pigs with 
symptoms of pneumonia in our 
laboratory 

(GOETHE et al. 2000)

A. pleuropneumoniae 
C1268 ΔapxIIA 

Unmarked apxIIA-negative knockout 
mutant of A. pleuropneumoniae 
C1268 

this work 

A. pleuropneumoniae 
C1569 

A. pleuropneumoniae serotype 9 
field isolate, obtained from pigs with 
symptoms of pneumonia in our 
laboratory 

this work 

A. pleuropneumoniae 
C3656 

A. pleuropneumoniae serotype 2 
field isolate, obtained from pigs with 
symptoms of pneumonia in our 
laboratory 

(GOETHE et al. 2000)

A. pleuropneumoniae 
AP76 

A. pleuropneumoniae serotype 7 
strain kindly provided by the 
Western College of Veterinary 
Medicine, Saskatoon, Canada 

(ANDERSON et al. 
1991) 

 

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); 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. 

A. pleuropneumoniae strains were cultured in supplemented PPLO medium (see 

below) with Tween® 80 (0.1%). A. pleuropneumoniae transconjugants (single 

crossing-overs) and transformants were grown in supplemented PPLO medium 

containing chloramphenicol (5 µg /ml) or kanamycin (25µg /ml) depending on the 

                                            
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. 
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vector used. The medium for counterselection consists of 0.4 volumes of medium 

without added NaCl (46g of Bacto® Beef Heart for infusion/liter, heated and filtered as 

recommended by the manufacturer, plus 9.25 g of Bacto® Peptone/liter), 0.5 

volumes of 40% sucrose and 0.1 volume of equine serum. Iron restriction was 

induced by addition of diethylentriamine-pentaacetic acid calcium trisodium salt 

hydrate (Na3CaDTPA, permitted as a drug component for livestock) at a final 

concentration of 150 μM. The cultures were incubated at 37°C in a 5% CO2 

incubator3 or in a shaking incubator. 

 

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 

PPLO broth: 21 g PPLO® broth, add distilled water to 1 liter, sterile 

filter; prior to use, EIVX (see below) and Tween® (0.1% 

final concentration) were added. 

PPLO agar: 35 g PPLO® agar, 3 g agar, add distilled water to 1 liter, 

autoclave, prior to use, EIVX (see below) was added. 

Supplemented blood agar: 40g Columbia blood agar base®, add distilled water to 800 

ml, autoclave, cool to 55°C, add 200 ml bovine blood and 

0.7% nicotine amide dinucleotide (NAD). 

Selective blood agar: Add crystal violet (1 µg/ml), lincomycin (1 µg/ml), nystatin 

(50 µg/ml), bacitracin (100 µg/ml) to supplemented blood 

agar. 

 

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 

Bacitracin: stock solution 100 mg/ml in A. bidest. 

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

Lincomycin: stock solution 1 mg/ml in A. bidest. 

                                            
3 Heraeus CO2-Auto-Zero, Heraeus Instruments GmbH Labortechnik, Hanau, Germany 
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Kanamycin: stock solution 50 mg/ml in A. bidest. 

Nystatin: 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 

PPLO supplement stock solution (EIVX), 100 x concentrated: 

 1 g/l L-glutamine4, 26 g/l L-cysteine dihydrochloride, 1 g/l 

L-cystine dihydrochloride, 1 g/l NAD in 10% D (+) glucose 

monohydrate 

All stock solutions were sterilized by filtration5 and stored at -20°C. 

 

C.2.2.1 Culture conditions for aspartase assay and investigation of DmsA 

expression 

Fifty ml of A. pleuropneumoniae culture were grown with shaking at 200 rpm to an 

optical density at 600 nm (OD600) of 0.3. This culture was split into 25 ml aliquots and 

one aliquot was further grown in the shaking incubator for one hour. The other aliquot 

was incubated in an anaerobic jar without shaking for three hours. 

 

C.3 Bacteriological methods 

C.3.1  Urease assay 

To test whether a bacterial colony exhibited urease activity, bacterial colonies were 

overlaid with urease test agarose (0.5% agarose, 20 mg/ml urea, 100 µg/ml phenol 

red) on a agar plate. A red colony color and halo indicating urease activity was visible 

after 1-5 min, negative colonies turned yellow. 

 

C.3.2  CAMP test 

The ApxIII toxin of A. pleuropneumoniae is not hemolytic, but can synergize with 

Staphylococcus (S.) aureus sphingomyelinase in the CAMP reaction (Christie, Atkins, 

Munch, Petersen, the discoverers of this phenomenon for Streptococcus agalactiae). 
                                            
4 Serva, Heidelberg, Germany 
5 FP30/o,2 CA-S, pore size 0.2 µM, cellulose acetate, Schleicher & Schuell, Dassel, Germany 
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Therefore, a S. aureus is streaked in a straight line down a blood agar plate and 

suspected strains of  A. pleuropneumoniae are streaked in right angles closed to the 

S. aureus. After incubating at 37°C over night signs of enhanced hemolysis in the 

shape of an "arrowhead" are observed where the S. aureus and A. 

pleuropneumoniae  growth are in the nearest proximity. 

C.3.3 Determination of bacterial growth by determination of optical 
density and colony forming units 

Five ml of overnight culture were inoculated in 45 ml PPLO 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 PPLO broth and the OD600 was determined 

every 15 min until stationary phase was reached. The colony forming units (cfu) were 

determined every 30 min via serial dilution and subsequent plating on selective blood 

agar plates.  

 

C.4 Manipulation of nucleic acids 

C.4.1 Plasmids 

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

endonuclease digests, ligations, generation of blunt ends via Klenow fragment or 

T4 DNA polymerase, alkaline phosphatase treatments and agarose6 gel 

electrophoresis were done according to standard protocols and the respective 

manufacturer’s instructions. Restriction endonucleases, other enzymes, DNA size 

standards and buffers were purchased from New England Biolabs, Frankfurt, 

Germany, unless stated otherwise. Plasmids were analyzed by gel electrophoresis in 

0.5 × TBE buffer on a 0.8 % agarose gel; for preparative gels 1 × TAE buffer was 

used. 

 

10 ×  TBE buffer: 1 M Tris-borate, 10 mM EDTA (pH 8.0) 

50 ×  TAE buffer: 2 M Tris-HCl (pH 8.0), 1 M acetic acid, 50 mM EDTA (pH 8.0) 

                                            
6 Qbiogene, Heidelberg, Germany 
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C.4.2 Primers 

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

by Invitrogen, Karlsruhe, Germany. 

Table 2: List of plasmids used in this study 

Plasmid Characteristics Reference or source 

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

Stratagene Europe, 
Amsterdam, The 

Netherlands 

pCR 2.1-TOPO 

Topoisomerase I-“enhanced” E.coli cloning 
vector carrying ampicillin and kanamycin 
resistance determinants as well as a lacZ 
gene for blue-white selection 

TOPO TA Cloning; 
Invitrogen, Karlsruhe, 

Germany 

pEMOC2 

Transconjugation vector based on 
pBluescipt SK with mobRP4, polycloning 
site, Cmr, and transcriptional fusion of the 
omlA promotor with the sacB gene 

Accession no. 
AJ868288, (BALTES 

et al. 2003b) 

pBMK1 

Transconjugation vector based on 
pBluescript SK with mobRP4, polycloning 
site, Tn903-derived kanamycin resistance 
determinant, and transcriptional fusion of 
the omlA promoter with the sacB gene 

Accession no. 
AJ868289, (OSWALD 

et al. 1999) 

pBMKAΔ1 
pBMK1 carrying the apxIIA gene of A. 
pleuropneumoniae serotype 2 C5934 with 
an internal NcoI-BglII deletion 

(TONPITAK et al. 
2002) 

pAPX700 
Transconjugation plasmid, containing a 
PspoMI/NotI fragment with the truncated 
apxIIA gene from pBMKAΔ1 into pEMOC2 

This work 

pAPX105 

A PCR fragment obtained with the primers 
apxIIAU and apxIIAL, using chromosomal 
DNA of A. pleuropneumoniae K1711/84 as 
template, was ligated into pBluescript SK 

This work 

pAPX115 
Plasmid pAPX105 was restricted with NcoI 
and BglII, blunt ended with Klenow 
fragment, and religated 

This work 
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Plasmid Characteristics Reference or source 

pAPX705 
Truncated apxIIA of plasmid pAPX115 was 
removed on a PspoMI/NotI fragment and 
ligated into pEMOC2 

This work 

pAPX109 

A PCR fragment obtained with the primers 
apxIIAU and apxIIAL, using chromosomal 
DNA of A. pleuropneumoniae C1268 
serotype 9 as template, was ligated into 
pBluescript SK 

This work 

pAPX119 
Plasmid pAPX109 was restricted with NcoI 
and BglII, blunt ended with Klenow 
fragment, and religated 

This work 

pAPX709 
Truncated apxIIA of plasmid pAPX119 was 
removed on a PspoMI/NotI fragment and 
ligated into pEMOC2 

This work 

pHYB603 

pBMK1 carrying the hybB  gene of A. 
pleuropneumoniae serotype 7 AP76 with an 
169 bp deletion between the HindIII and 
NarI restriction sites 

(BALTES et al. 2004) 

pHYB700 

Transconjugation plasmid, containing a 
PspoMI/NotI fragment with the truncated 
hybB gene from pHYB603 cloned into 
pEMOC2 

This work 

pAS113 
pBluescript SK carrying the aspA gene of A. 
pleuropneumoniae serotype 7 strain AP76 
with an internal Acc65I/SnaBI deletion 

(JACOBSEN et al. 
2005b) 

pAS700 

Transconjugation plasmid, containing a 
PspoMI/NotI fragment with the truncated 
aspA gene from pAS110 cloned into 
pEMOC2 

This work 

pFUR802 

PCR products obtained with primers oFUR7 
and oFUR7intb as well PCR products 
obtained with primers oFUR8 and oFUR8int 
were cut with BsmBI and ligated. The 
ligation product, which represents the fur 
gene with an 153 bp deletion, was used as 
template for a PCR with primers oFUR7 and 
oFUR8 and the obtained PCR product was 
cloned into pCR 2.1 TOPO resulting in 

This work 
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Plasmid Characteristics Reference or source 

pFUR802 

pFUR102 Ligation of a XbaI fragment of pFUR802 into 
pBluescript SK cut with XbaI This work 

pFUR702 
Ligation of a PspoMI/NotI fragment of 
pFUR102 into pEMOC2 cut with 
PspoMI/NotI 

This work 

 

Table 3: List of primers used in this study 

Primers Characteristics Reference or 
source 

M13 forward 5' CAG GAA ACA GCT ATG AC 3' Amersham 
Biosciences 

M13 reverse 5' GTA AAA CGA CGG CCA G 3' Amersham 
Biosciences 

oDMSAdel1 
 5' TTG AAA TAT CCG ATG AAA CGT 3'; 
downstream primer comprising position 327-
348 of the dmsA homologue 

(BALTES et al. 
2003a) 

oDMSAdel2 
5' TCA TAT TGG CGA CAT AAG CAT C 3'; 
upstream primer comprising position 1593-
1614 of the dmsA homologue 

(BALTES et al. 
2003a) 

o34-1f 
5' GCC AGC TTA TTC GGA TAT ACC 3'; 
upstream primer comprising position 290-
310 of the hybB gene 

(BALTES et al. 
2004) 

o34-1r 
5' AAT AGC GTG TAC CGT CGT ACA 3'; 
downstream primer comprising position 
1399-1419 of the hybB gene 

(BALTES et al. 
2004) 

ohyb2f 
5’ CAC CAA TCC TCA ATG GGT TC 3’; 
upstream primer comprising position 546-
565 of the hybB gene 

This work  

ohybBrev 
5’ CGC GTA ACA GGG TCG ATA GT 3’; 
downstream primer comprising position 
1199-1189 of the hybB gene 

This work 
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Primers Characteristics Reference or 
source 

oASPX 
5’ TGG GCC GTA CTC AGT TAC AA 3’; 
upstream primer comprising position 556-
575 of the aspA gene 

This work 

oASPY 
5’ GGG CCT GAT GAA AGT AAA CG 3’; 
downstream primer comprising position 891-
910 of the aspA gene 

This work 

oFUR7 

5´ GTCG TCT AGA GGA GTA ACA CGC 
GGA CAG TT 3‘; upstream primer with 
internal XbaI site (underlined) comprising 
positions 654 to 625 upstream of the fur 
gene start codon 

This work 

oFUR7intb 

5´ TTAA CGT CTC GTA AAC CGT TGC 
CAA ACC GAT A 3‘; downstream primer 
with internal BsmBI site (underlined) 
comprising positons 155-186 of the fur gene 

This work 

oFUR8 

5’ CGAT TCT AGA CAA TAC TGC CCA 
CCG GTA CT 3‘; downstream primer with 
internal XbaI site (underlined) comprising 
positions 693 to 722 downstream of the fur 
gene stop codon 

This work 

oFUR8int 

5’ TAAA CGT CTC GTT TAC GAA CGC 
CGT CAG CGT GAA ATC A 3‘; upstream 
primer with internal BsmBI site (underlined) 
comprising positons 314-351 of the fur gene 

This work 

oFURX 
5‘ GAA CGT GTA AAC CGT TGG TG 3‘; 
forward primer situated 91-72 bp upstream 
of the start codon of the fur gene 

This work 

oFURY 
5‘ GCC TGC AAA ACC TTC GGT AT 3‘; 
reverse primer situated 32-51 bp upstream 
of the stop codon of the fur gene 

This work 

oAPX2A1 
5’ GCT ATG ATT CGG GTC AAG GA 3’; 
forward primer situated 166 bp downstream 
of the start codon within the apxIIA gene 

This work 

oAPX2A2 

5’ TCA TTA CCG GTT CCT CCA AC 3’; 
reverse primer situated 2332 bp 
downstream of the start codon within the 
apxIIA gene 

This work 
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Primers Characteristics Reference or 
source 

oAPX2A4 

5’ GCC ACC AAA TAA ATG ATC GTC 3’; 
reverse primer situated 2267 bp 
downstream of the start codon within the 
apxIIA gene 

This work 

apxIIAU 

5’ CTT TGG ATC CAA AAA TCA CTT TGT 
CAT CAT 3’; primer with internal BamHI site 
(underlined) comprising positions 782 to 811 
of the apxIICA genes 

(TONPITAK et al. 
2002) 

apxIIAL 

5’ CAA TGT CGA CAT TTA CAC CAT AGG 
ATT GCT 3’; primer with internal SalI site 
(underlined) comprising positions 3670 to 
3699 of the apxIICA genes  

(TONPITAK et al. 
2002) 

oSac1 
5’ TGC TGA ACA TCA AAG GCA AG 3’; 
primer comprising positions 6682 to 6701 of 
pBMK1 

This work 

oSac2 
5’ GGT TCG TTT CTT TCG CAA AC 3’; 
primer comprising positions 5439 to 5420 of 
pBMK1 

This work 

oSac3 
5’ TGG GCA TAA AGT TGC CTT TT 3’; 
primer comprising positions 4981 to 4962 of 
pBMK1 

This work 

oKAN-PUC4K-1 
5’ CAA GAC GTT TCC CGT TGA AT 3’; 
primer comprising positions 7528 to 7509 of 
pBMK1 

This work 

oKAN-PUC4K-3 
5’ GAT GTT GGA CGA GTC GGA AT 3’; 
primer comprising positions 8145 to 8164 of 
pBMK1 

This work 

oBSK1 
5’ AGC AAA AAC AGG AAG GCA AA 3’; 
primer comprising positions 3881 to 3900 of 
pBMK1 

This work 

oBSK3 
5’ AAG GGC GAA AAA CCG TCT AT 3’; 
primer comprising positions 4266 to 4285 of 
pBMK1 

This work 

oBSK4 
5’ AGT CGT GTC TTA CCG GGT TG 3’; 
primer comprising positions 2664 to 2645 of 
pBMK1 

This work 
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Primers Characteristics Reference or 
source 

oBSK5 
5’ GGC CTT TTG CTC ACA TGT TC 3’; 
primer comprising positions 2286 to 2267 of 
pBMK1 

This work 

oBSK6 
5’ TCG TGA TTG TCA CGC TCA AGC 3’; 
primer comprising positions 1796 to 1776 of 
pBMK1 

This work 

oAZS1 
5’ TCC TTG ACC CGA ATC ATA GC 3’; 
primer comprising positions 1288 to 1307 of 
pBMKAΔ 

This work 

oAZS2 
5’ CTT CAG TCG GGA GCT TTA CG 3’; 
primer comprising positions 226 to 207 of 
pBMKAΔ 

This work 

oMCS1 
5’ AAG CTT ATC GAT ACC GTC GAA A 3’; 
primer comprising positions 18 to 39 of 
pBMK1 

This work 

oMCS3 
5’ CAA CAC CGG ACA AAA AGG AT 3’; 
primer comprising positions 168 to 149 of 
pBMK1 

This work 

oChl1 
5’ GGC AGT TAT TGG TGC CCT TA 3’; 
primer comprising positions 707 to 726 of 
pEMOC2 

This work 

oChl2 
5’ CTT TAC GAT GCG ATT GGG ATA 3’; 
primer comprising positions 95 to 75 of 
pEMOC2 

This work 

oTfb1 
5’ ACT TCC TTT TCC GCC AGA AC 3’; 
primer comprising positions 965 to 946 of 
pEMOC2 

This work 

 



 Materials and Methods  

 37

C.4.3 Isolation of DNA 

C.4.3.1 Plasmid DNA 

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

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

NucleoBond® AX kit7 according to the manufacturer’s instructions. 

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

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

Clean® kit8 according to the manufacturer’s instructions. Centrifugation steps were 

carried out in a microcentrifuge9. 

C.4.3.2 Total chromosomal DNA of A. pleuropneumoniae 

Overnight bacterial cultures grown on solid medium were harvested by suspending 

the bacteria in 2.5 ml TE buffer (10 mM Tris [pH 8.0], 1 mM EDTA [pH 8.0]) and 

transferred to a 10 ml polypropylene tube. To lyse the bacterial cells, 64 µl 

proteinase K (20 mg/ml), 250 µl SDS (10% w/v) and 50 µl 0.5 M EDTA (pH 8.0) were 

added, the solution was mixed by gentle inversion of the tube and incubated at 55°C 

for 1 h. RNase was added to a final concentration of 100 µg/ml and the solution was 

further incubated at 37°C for 30 min to remove RNA contamination. DNA was purified 

by phenol-chloroform extraction as follows: Five hundred µl phenol equilibrated in 

TE buffer pH 7.8 were added to the solution and mixed well. The solution was kept at 

-70°C for at least 1 h. Then 600 µl of a chloroform-isoamyl alcohol mixture (24:1) 

were added, mixed and centrifuged at 10,000 rpm for 10 min. The top (aqueous) 

phase containing DNA was carefully removed using a plastic pasteur pipette and 

transferred to a new tube. Chloroform-isoamyl extraction was repeated at least 

3 times until no interphase was visible. The upper phase was transferred into a new 

tube, and DNA was precipitated by adding 0.1 volume of 3 M Na-acetate (pH 5.2) 

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

tube was collected with a small pipette tip and washed twice in 70% ethanol for 

5 min. DNA was dissolved in 500 µl A. bidest., and 5 µl of DNA were analyzed by 

agarose gel electrophoresis. 

                                            
7 Macherey & Nagel, Düren, Germany 
8 Qbiogene, Heidelberg, Germany 
9 MC-13 Amicon, Heraeus Instruments, Osterode, Germany 
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C.4.4 Polymerase chain reaction 

Polymerase chain reactions (PCRs) were performed in a thermal cycler10 in 25 or 

50 µl total reaction volume using Taq DNA polymerase11. The reaction mixtures were 

prepared on ice by addition of the reagents in the order described in Table 4. In the 

case of transformants, the DNA template consisted of 5 µl of a bacterial suspension 

prepared by taking up a single colony in 100 µl A. dest. (C.4.4.1). Amplification 

conditions are listed in Table 5; the extension time was estimated based on the 

length of the expected PCR product (1 min for every 1 kb). PCR products were 

analyzed by gel electrophoresis in 0.5 × TBE buffer on a 1.5% agarose12 gel if 

products were < 1500 base pairs (bp), otherwise a 0.8 % agarose gel was used. 

Table 4: Components in the PCR reaction 

reaction 
components 

stock 
solution 

final 
concentration

volume per 
reaction (μl) 

volume per 
reaction (μl)

A. bidest. - - 11.15 22.3 

MgCl2 50 mM 1.5 mM 0.75 1.5 

PCR-buffer 10 x 1 x 2.5 5 

dNTPs 10 mM 0.2 mM 0.5 1 

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

reverse primer 5 pmol/μl 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 

 

                                            
10 Eppendorf Mastercycler, Eppendorf AG, Hamburg, Germany 
11 Invitrogen, Eggenstein, Germany 
12 Qbiogene, Heidelberg, Germany 
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Table 5: PCR conditions used in this study 

primers PCR protocol 

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

oDMSAdel1, 
oDMSAdel2, o34-1f, 
o34-1r,  

3’ 94°C, (30’’ 94°C, 1’ 54°C, 1’30’’ 72°C) x 32; 10’ 72°C 

oASPX, oASPY, 
oFURX, oFURY, 
ohybBrev, ohyb2f 

3’ 94°C, (30’’ 94°C, 1’ 55°C, 45’’ 72°C) x 35; 10’ 72°C 

oFUR7, oFUR8, 
oFUR7intb, oFUR8int, 
oAPXFIIAU, oAPXIIAL 

3’ 94°C, (30’’ 94°C, 1’ 50°C, 1’ or 2’ 72°C) x 35; 10’ 72°C 

oAPX2A1, oAPX2A2, 
oAPX2A4, 3’ 94°C, (30’’ 94°C, 1’ 55°C, 2’ 72°C) x 35; 10’ 72°C 

oSac2, oBSK1, oSac1, 
oKAN-PUC4K1, 
oSac3, oBSK3 

3’ 94°C, (30’’ 94°C, 40’’ 53°C, 1’30’’ 72°C) x 32; 10’ 72°C 

 

 

C.4.4.1 Preparation of DNA template by colony boiling 

A single colony was touched with a small sterile glass bead which was then 

transferred into 100 µl 1:10 diluted TE buffer or A. dest. in a microtiter plate or in a 

1.5 ml reaction tube. The solution was either boiled in a microwave oven for 8 min at 

180 W or stored at room temperature for 15 min. Five µl of this mixture served as 

template in a 25 µl PCR reaction. For the negative control, 100 µl 1:10 diluted TE 

buffer was boiled at the same conditions, and 5 µl were used as template 

 

C.4.5 Pulsed field gel electrophoresis (PFGE) 

C.4.5.1 Isolation of agarose-embedded chromosomal A. pleuropneumoniae 

DNA 

Actinobacillus pleuropneumoniae strains were grown on PPLO 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 
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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 

1.2% agarose13 (kept at 55°C) were added and mixed by repeated pipetting. The 

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

Mold14) 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 

finally storing them 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 

PMSF:   17 mg phenylmethylsulfonyl fluoride15 per ml isopropanol 

TE-PMSF:  1.5 mM PMSF in TE buffer 

 

C.4.5.2 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 were used to cleave the DNA in the 

                                            
13 Qbiogene, Heidelberg, Germany 
14 BioRad Inc., Munich, Germany 
15 Serva, Heidelberg, Germany 
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plugs overnight at the temperature appropriate for the respective restriction 

endonuclease. 

C.4.5.3 Pulsed field gel electrophoresis 

An 1% agarose16 gel was prepared using 0.5 x TBE buffer, cooled to 55°C and 

poured into a gel casting platform17. 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 chamber18 and 

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

and 12°C with linear ramped switch times from 10 to 20 sec for 14 h and from 35 to 

70 sec for 12 h. 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 system19. 

 

C.4.6 Nucleic acid detection 

C.4.6.1 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 membrane20 according to 

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

baking the membrane in an oven21 at 80°C for 120 minutes. 

                                            
16 Qbiogene, Heidelberg, Germany 
17 BioRad Inc., Munich, Germany 
18 CHEF-DR III pulsed-field electrophoresis system, Bio-Rad, Munich, Germany 
19 BioRad Inc., Munich, Germany 
20 Positive membrane, Appligene, Illkirch, France 
21 Booskamp, Wuppertal, Germany 
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C.4.6.2 Labeling 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 

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/ml22  

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

0.25% [w/v] SDS 

C.4.6.3 Southern hybridization 

Southern hybridization was performed overnight following standard procedures 

(SAMBROOK et al. 1989) in a hybridization oven23 at 60°C, using a hybridization 

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

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 film24. The exposure time was adjusted depending on the signal strength. 

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

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

                                            
22 Amersham Pharmacia Biotech AB, Uppsala, Sweden 
23 Mini hybridization oven, Qbiogene, Heidelberg, Germany 
24 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/). 

 

C.4.8 Transformation  

C.4.8.1 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 filtration25 and stored at 4°C. 

C.4.8.2 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 block26 for 

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

                                            
25 FP30/0,2 CA-S, pore size 0.2 µM, cellulose acetate, Schleicher & Schuell, Dassel, Germany 
26 Multi-Block Heater, Lab-Line, Kleinfeld-Labortechnik GmbH, Gehrden, Germany 
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the cells were allowed to regenerate at 37°C for 1 hour before spreading the mixture 

on LB agar plates containing the appropriate antibiotic. 

C.4.9 Construction of A. pleuropneumoniae isogenic deletion mutants 

The method described by Oswald and coworkers (OSWALD et al. 1999) was used 

with small modifications. Deletions were introduced into A. pleuropneumoniae by 

allelic replacement, using the principle of homologous recombination to exchange an 

intact gene for the truncated version of the gene. The recombinant plasmid 

containing the truncated version of the gene was transferred into A. 

pleuropneumoniae from an E. coli donor by conjugation. 

C.4.9.1 Transconjugation from E. coli to A. pleuropneumoniae by filter mating 

technique 

In this study, the truncated gene cloned into the mutagenesis vectors pEMOC2 was 

mobilized from E. coli β2155 (Table 1), a diaminopimelic acid auxotrophic donor 

strain, into the A. pleuropneumoniae recipient. Donor and recipient were grown on 

appropriate solid medium and incubated overnight. Cultures were collected with a 

sterile cotton swab and resuspended in TNM buffer in separate tubes (E. coli  β2155 

must not be resuspended by vortexing, as this may damage the organelles needed 

for conjugation) and cell density was adjusted to an OD660 of 2.0. Three nitrocellulose 

discs27 (0.45 µM pore size, 2.5 cm diameter) were placed onto sterile gel blotting 

paper in a petri dish, and 50 µl donor and 350 µl recipient were mixed by careful, 

repeated pipetting and transferred onto each nitrocellulose disc, allowing the buffer to 

be absorbed. The discs containing the culture mixture were then transferred onto 

prewarmed PPLO agar plates (with 1% EIVX, 1 mM diaminopimelic acid, and 10 mM 

MgSO4) and incubated at 37°C in a CO2 incubator (5% CO2 atmosphere) for 7 h. 

Following incubation, the discs were placed into an Eppendorf tube containing 650 µl 

supplemented PPLO broth, the bacteria were washed from the membrane by 

intensive vortexing and swabbing with a sterile cotton swab, the suspension was 

plated onto a well-dried PPLO agar plate supplemented with 2 or 5 µg/ml 

chloramphenicol, respectively, and incubated at 37°C in a CO2 incubator for 36 h. 

                                            
27 Millipore, Eschborn, Germany 
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Presence of the truncated gene or the antibiotic resistance gene in colonies  growing 

on selective PPLO agar was confirmed by gene-specific PCR or DNA colony blotting. 

TNM buffer:   1 mM Tris-HCl (pH 7.2), 100 mM NaCl, 10 mM MgSO4 

C.4.9.2 Sucrose counterselection 

A single colony of A. pleuropneumoniae confirmed to carry the truncated gene 

resulting from a plasmid cointegrate, was inoculated into 1 ml supplemented PPLO 

broth that had been prewarmed at 37°C, 5% CO2 overnight, and incubated at 37°C 

with shaking (180 rpm for serotype 9, 200 rpm for all other serotypes) for 2 h or until 

the culture was slightly turbid. One ml counter selection medium was added. The 

tube was further incubated at 37°C with shaking (180 rpm for serotype 9, 200 rpm for 

all other serotypes) for six to eight hours; then 50 µl of undiluted culture as well as 50 

µl of 1 to 10 up to 1 to 1000 with PPLO broth diluted culture were plated on 

supplemented PPLO agar without antibiotics and incubated overnight at 37°C, 5% 

CO2.  

Counter selection medium (2 x) 
4 volumes 2.5 x salt-free PPLO broth 

5 volumes sucrose [40% w/v] 

1 volume sterile equine serum 

2.5 × salt-free PPLO broth 

Forty-six g of Bacto® Beef Heart For Infusion in 1 l A. dest. were kept at 50°C with 

constant stirring for 1 h, boiled in a microwave oven for 3 min and cooled to room 

temperature with constant stirring. The suspension was filtered to remove solids, 

7.4 g of Bacto® Peptone were added, the pH was adjusted to 7.4 with 1 M NaOH, 

and the solution was sterilized by filtration. 
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C.5 Manipulation of proteins 

 

C.5.1 Preparation of proteins 

C.5.1.1 Preparation of proteins from A. pleuropneumoniae by whole cell lysis 

Actinobacillus pleuropneumoniae was grown as described in chapter C.2.2. 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 instrument28, 3 x 40 sec, 

intensity 5.0. Unbroken cells were removed by centrifugation at 16,000 × g in a 

benchtop centrifuge29 for 10 min. The supernatant was transferred into a new 

microcentrifuge tube and stored at -70°C. 

C.5.1.2 Preparation of outer membrane-associated proteins 

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 0.2 and then iron-restrictive conditions were induced as 

described in chapterC.2.2. Bacteria were further grown to an OD600 of 0.6 – 0.7 and 

then 0.05% sodium deoxycholate (permitted as a drug component for livestock) were 

added. After incubation for 30 min cultures were centrifuged for 10 min at 8,000 × g. 

The cell-free culture supernatant (CFS) containing surface-associated proteins was 

sterile filtrated and stored at -20°C until further use. In order to prove the relative 

enrichment of proteins induced under iron restrictive conditions, three protein 

fractions of the culture after addition of the detergent and before centrifugation were 

compared: proteins of a) 1 ml not centrifuged culture b) the pellet of 1 ml of 

centrifuged culture c) the supernatant of 1 ml culture. All fractions were precipitated 

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

for 15 min with 16,000 × g in a benchtop centrifuge2 the protein pellet was resolved in 

50 µl 2 x reducing buffer (1.5 ml 0.5 M Tris pH 6.8, 6 ml 10% SDS, 3 ml 50% 

glycerol, 1 ml 2-mercaptoethanol) and 30 µl A. dest. For two-dimensional-

                                            
28 FastPrep® FP120, B101 Thermo Savant, Qbiogene, Heidelberg, Germany 
29 Centrifuge 5415D, Eppendorf AG, Hamburg, Germany 
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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 an centrifuge30, pellets were washed with pure 

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

C.5.2 Determination of protein concentration 

Protein concentrations were determined using the Micro BCA® Protein Assay31 in 96 

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

were diluted appropriately. The assay was read in an ELISA reader32 at a wavelength 

of 550 nm.  

 

C.5.3 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE)  

Discontinuous SDS-PAGE was performed following standard procedures 

(SAMBROOK et al. 1989) using a Protean II Minigel system33. 

 

C.5.4 Two-dimensional-polyacrylamide gel electrophoresis (2D-PAGE) 

C.5.4.1 Sample preparation 

An appropriate amount of protein (1600 µg of detergent wash proteins for analytical 

gels and gels for Western Blotting, 8000 µg for preparative gels) was precipitated 

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

by centrifugation for 15 min at 16,000 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 focusing, insoluble material was removed by 

centrifugation at 16,000 x g in a benchtop centrifuge. 

 

                                            
30 Centrifuge 5810R, Eppendorf AG, Hamburg, Germany 
31 Pierce Micro BCA® Protein Assay, Pierce, Rockford, U.S.A. 
32 MR5000, Dynatech Laboratories Inc., Alexandria, U.S.A. 
33 BioRad Inc, Munich, Germany 
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C.5.4.2 First dimension: Isoelectric focusing 

Immobiline®DryStrips34 (24 cm, pH 3– 11 nl) were rehydrated overnight with 450 µl 

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

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

were loaded on the rehydrated Immobiline®DryStrips and subsequently focused 

using an Ettan IPGphor®35 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. 

C.5.4.3 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 

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®36. 

C.5.5 Protein detection 

C.5.5.1 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).  

C.5.5.2 Western blotting 

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

system37. Proteins were transferred to a nitrocellulose membrane38 as described by 

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

                                            
34 Amersham Pharmacia Biotech AB, Uppsala, Sweden 
35 Amersham Pharmacia Biotech AB, Uppsala, Sweden 
36 Amersham Pharmacia Biotech AB, Uppsala, Sweden 
37 BioRad Inc., Munich, Germany 
38 Protran BA85 0.45 µM, Schleicher and Schuell, Dassel, Germany 



 Materials and Methods  

 49

using a NovaBlot® semidry-protein transfer system39 as described by (KYHSE-

ANDERSEN 1984) 

C.5.5.3 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 IgG40, 

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. 1989). Rabbit sera raised against recombinant proteins as well 

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

6. 

                                            
39 Amersham Pharmacia Biotech AB, Uppsala, Sweden 
40 Jackson ImmunoResearch Laboratories, Dianova, Hamburg, Germany 
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Table 6: List of antisera used in this study 

antiserum characteristic dilution reference 

anti-dmsA 
antibodies raised against 

recombinant DmsA protein from A. 
pleuropneumoniae serotype 7 

1:2000 (BALTES et al. 
2003a) 

anti-TbpB7 
antibodies raised against 

recombinant TbpB protein from A. 
pleuropneumoniae serotype 7 

1:2000 (GERLACH et al. 
1992b) 

anti-ApxIIA 
antibody raised against 

recombinant ApxIIA protein from 
A. pleuropneumoniae serotype 7

1:10000 
(ROSSI-

CAMPOS et al. 
1992) 

anti-TbpB1 
antibody raised against 

recombinant TbpB protein from A. 
pleuropneumoniae serotype 1 

1:2000 (GERLACH et al. 
1992b) 

anti-TbpB5 
antibody raised against 

recombinant TbpB protein from A. 
pleuropneumoniae serotype 5 

1:2000 Gerlach, 
unpublished 

anti-OmlA1 
antibody raised against 

recombinant OmlA protein from A. 
pleuropneumoniae serotype 1 

1:2000 (GERLACH et al. 
1993) 

anti-OmlA2 
antibody raised against purified 

OmlA protein from A. 
pleuropneumoniae serotype 2 

1:2000 

kindly provided 
by Sebastian 

Bunka, University 
of Veterinary 

Medicine Vienna

anti-OmlA5 
antibody raised against 

recombinant OmlA protein from A. 
pleuropneumoniae serotype 5 

1:10000 (BUNKA et al. 
1995) 

DIVA-sera 
sera taken from animals 

vaccinated with the DIVA vaccine 
prior to challenge 

1:500 this work 

A. pleuropneumoniae 
serotype 2 challenge 

sera 

sera taken from animals after A. 
pleuropneumoniae serotype 2 

challenge 
1:500 this work 

A. pleuropneumoniae 
serotype 9 challenge 

sera 

sera taken from animals after A. 
pleuropneumoniae serotype 9 

challenge 
1:500 this work 
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C.5.5.4 Protein identification by Quadrupole-time of flight mass spectrometry  

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

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

were cut from the gels and digested as described elsewhere (KINTER a. SHERMAN 

2000). Extracted peptides sequences were determined from MS/MS fragmentation 

data recorded on an Q-TOF Ultima41. Proteins were identified using the program 

Masslynx V.4.0 and Proteinlynx 2.1 searching against NCBI´s bacterial genomes42 

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

 

 

C.6 Enzymatic assays 

C.6.1 Aspartase assay 

Aspartase activity was measured spectrophotometrically at 240 nm by determination 

of fumarate formation (TOKUSHIGE 1985). The assay buffer contained 3 mM MgCl2, 

0.1 M L-aspartate and 0.1 M Tris-HCl (pH 9.0). The reaction was initiated by the 

addition of cell lysates, and the increase in absorbency at 240 nm was determined 

(PAULSEN a. HUSTEDT 1994).  
 

C.7 Virulence studies 

Virulence of the A. pleuropneumoniae mutants constructed in this study was 

examined in an aerosol infection model, mimicking the natural route of infection, in 

pigs 7-9 weeks of age (permit no. 509c-42502-01/488). 

 

                                            
41 Waters, Milford, USA 
42 Protein identification using Q-TOF mass spectrometry was done by F.F.B Büttner, Institute for 

microbiology, department of infectious diseases, Veterinary School Hannover, Foundation, Hannover, 

Germany. 
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C.7.1 Timeline of challenge experiments 

Day –5:  Arrival at the facility, blood samples taken for enzyme linked 

immunosorbent assay (ELISA), collection of BALF under anaesthesia 

(see below) 

Day –1: Clinical examination (including determination of body temperature) 

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

aerosol infection 

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

Day 7:  Blood samples taken; euthanasia and post mortem examination of 

some animals 

Day 21:  Blood samples taken; euthanasia and post mortem examination of all 

remaining animals 

 

C.7.2 Origin and housing of the animals 

German Landrace pigs 7 to 9 weeks of age were purchased from an A. 

pleuropneumoniae-free herd (no clinical symptoms, no serological response in the 

ApxII-ELISA (LEINER et al. 1999) and detergent extract ELISA (GOETHE et al. 

2000), 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. 

509c-42502-01/488]. Absence of A. pleuropneumoniae specific antibodies was 

confirmed by serological examination of blood samples taken prior to infection. 

Groups were housed in separate isolation units with controlled temperature and 

ventilation.  

 

C.7.3 Aerosol infection chamber 

Infections were carried out in an aerosol chamber built by Impfstoffwerk Dessau 

Tornau GmbH43  based on the descriptions of JACOBSEN et al. (1996). This 

chamber allows the simultaneous infection of four to five pigs 7-12 weeks of age. The 

top of the chamber consists of an acrylic window allowing easy surveillance of the 
                                            
43 Dessau, Germany 

http://conventions.coe.int/treaty/EN/Menuprincipal.htm;
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animals during aerosol exposure. The chamber has two air vents equipped with 

filters, one of which is connected to a compressor44 and is used to exchange the air 

in the chamber after aerosol exposure. All tubing is made from either autoclavable 

silicone or Teflon®. The bacterial suspension is aerosolized via a nozzle45 operated 

by compressed air46.  

 

C.7.4 Preparation of bacteria for aerosolization 

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

culture of the A. pleuropneumoniae strain under investigation and grown with shaking 

at 37°C to an OD660 of 0.4-0.5. The culture was placed on ice for 10 minutes, diluted 

1:300 in ice-cold NaCl (150 mM), and kept on ice until use for a maximum of 2 h. 

Immediately prior to aerosolization, bacteria were further diluted 1:100 in ice-cold 

NaCl (150 mM) resulting in approximately 1 × 105 colony forming units (cfu) per 13 ml 

dose (for four to five pigs); upon aerosolization, this dose corresponds to 

approximately 1 × 102 A. pleuropneumoniae cells per liter of aerosol in the chamber, 

a dose which had been titrated for the A. pleuropneumoniae strain AP76 to induce 

severe but not fatal disease (Teutenberg-Riedel et al., unpublished data). 

 

C.7.5 Aerosol infection 

Groups of four or five pigs at a time were challenged in the chamber. To achieve an 

even distribution of the aerosol in the chamber, the nozzle was fixed at a setting of 

"5" and the valve regulating the flow of the fluid was set to "75". The challenge dose, 

13 ml of diluted bacterial suspension, was aerosolized at a pressure of 2 bar within a 

time of approximately two minutes. Ten minutes after completing aerosolization, the 

air in the chamber was exchanged ten times over the duration of 20 min using a 

compressor before the pigs were led back to their stable. 

 

                                            
44 KNF Neuberger, Freiburg, Germany 
45 Model no. 97058, Schlick Duesen, Untersiemau, Germany 
46 Linde, Hannover, Germany 
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C.7.6 Surveillance of the animals during the experiment 

Body temperature and clinical symptoms were recorded at least daily for each 

individual pig or as needed. A clinical scoring system based on the directive in the 

European Pharmacopoeia for testing A. pleuropneumoniae vaccines (Porcine 

Actinobacillosis Vaccine [Inactivated]; 3rd edn, EDQM, Council of Europe, Strasbourg, 

France) was employed to assess the clinical condition of each individual animal as 

follows: A score of one was given for each, the occurrence of coughing, dyspnea and 

vomitus, resulting in a minimum clinical score of zero and a maximum score of three 

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 

Student's T-Test.  

 

C.7.7 Bronchoalveolar lavage fluid47 

In the virulence study of the 5-fold mutant and in the protection study using the 6-fold 

mutant as vaccine strain via intramuscular (i.m.) and intranasal (i.n.) application 

broncholaveolar lavage fluid (BALF) was collected from anesthetized pigs (2 mg/kg 

azaperone48 and 15 mg/kg ketamine49, intramuscular application) immobilized in a 

specially designed hammock. A flexible bronchoscope was introduced into the 

bronchus of the right posterior cranial lobe. The tip of the bronchoscope50 was 

pushed into 'wedge position' in order to seal the bronchus. Twenty ml of isotonic 

NaCl (pre-warmed to 30°C) were injected and recovered by applying a suction force 

of 0.2 to 0.5 bar using an especially designed vacuum pump51. This washing process 

was repeated five times and an average of 90 ml of BALF were obtained. The BALF 

was kept on ice for up to 2 h until the cytological status was assessed. BALF 

intended used for ELISA experiments was centrifuged at 5,000 × g for 10 minutes to 

remove cell debris and bacteria, sterility was confirmed by plating of 100 µl of BALF 

on Columbia Sheep Blood (CSB) agar and supplemented PPLO agar. 

                                            
47 Collection of BALF was performed by Dr. Isabel Hennig-Pauka and Doris Höltig, Clinic for Pigs and 

Small Ruminants, Veterinary School Hannover, Foundation, Hannover, Germany 
48 Stresnil®, Janssen GmbH, Neuss, Germany 
49 Ursotamin®, Serumwerk Bernburg AG, Bernburg, Germany 
50 Type XP20, Fa. Olympus, Hamburg, Germany 
51 Endoaspirator, Fa. Georg Paudrach, Hannover, Germany 
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C.7.8 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® 52 per pig. 

 

C.7.8.1 Determination of lung lesion scores 

In order to assess lung damage caused by A. pleuropneumoniae infection under 

laboratory conditions, Hannan et al. (HANNAN et al. 1982) developed a simple 

scheme of lung lesion mapping and evaluation; by separate scoring of each lobe and 

assessing a total possible score of 5 for each (resulting in a maximum score of 35 for 

the entire lung), individual lesions are mapped on a simplified lung chart in which 

each lobe is subdivided into triangles. The number of 'affected' triangles is then 

counted, and the score for this lung lobe calculated as a fraction of five (HANNAN et 

al. 1982). This scheme has been adopted in the European Pharmacopoeia53 (3rd edn, 

EDQM, Council of Europe, Strasbourg, France) as the reference method in vaccine 

trials for A. pleuropneumoniae. 

Statistical analysis of the total clinical score was performed using the Wilcoxon 

Signed-Rank test. 

C.7.8.2 Bacteriological examination of organ samples 

The bacteriological examination included surface swabs of palatine tonsils, and 

bronchial lymph nodes and of defined positions located in the outer third of each of 

the seven lung lobes; an additional swab of affected lung tissue was taken, if it was 

not covered by any of the defined swabs. Swabs were plated on Columbia sheep 

blood (CSB; to exclude other bacterial infections) agar as well as on selective blood 

agar (JACOBSEN a. NIELSEN 1995) and fractionated twice. A score for reisolation 

of 0 was given if A. pleuropneumoniae colonies grew only in the swabbed area and a 

score of 1 was given if colonies were found in the fractionated streaks. For the 

reisolation score these numbers were added up for each pig in the respective group, 

and the arithmetic mean and standard deviation were determined. Several individual 

A. pleuropneumoniae-like colonies were subcultured on supplemented PPLO agar 
                                            
52 Pentobarbital, Essex Pharma, Munich, Germany 
53 http://www.pheur.org 
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and confirmed by urease assay or CAMP test and PCR analyses using primers 

oAPX2A1 and oAPX2A2. 

 

C.7.9 Enzyme Linked Immunosorbent Assay (ELISA) 

The humoral immune response of pigs was determined in two different ELISAs. A 

standardized ELISA based on the recombinant A. pleuropneumoniae ApxIIA protein 

as solid phase antigen was employed to assess antibody levels directed against the 

ApxIIA toxin (LEINER et al. 1999). Additionally, antibody levels directed against outer 

membrane components were determined using an ELISA based on the detergent 

extract of iron-restricted A. pleuropneumoniae AP76 culture as solid phase antigen 

(GOETHE et al. 2000). The detergent extract was diluted 1:50 in carbonate buffer 

(50 mM; pH 9.6); Polysorp® 96-microwell plates54 were coated with 100 µl per well at 

4°C for 16 h without subsequent blocking. Plates were washed with PBST before the 

addition of serum, conjugate, and chromogen. Sera were initially diluted 1:100 and 

further twofold dilutions were performed in the plates in PBST. Serum dilutions and 

goat anti-pig peroxidase conjugate were each incubated for 1 h at room temperature. 

The ELISA was developed using 2,2'-azino-di- [3-ethylbenzthiazoline-6-sulfonate] 

(ABTS) as substrate. For the de-ELISA, internal controls were used. The negative 

control consisted of an equal mixture of all serum samples taken at arrival of the pigs 

and the positive control consisted of an equal mixture of all serum samples of 

infected pigs taken 21 days post infection. The titer of the de-ELISA is the highest 

serum dilution resulting in an optical density OD405 twice as high as the negative 

control serum at a dilution of 1:100.  

 

PBST:   PBS + 0.05% Tween®20 

substrate buffer:  0.1 M citric acid (pH 4.25, adjusted with Na2HPO4)  

with 0.002% H2O2 

substrate:   ABTS 800 mg/l, in substrate buffer 

 

                                            
54 Nunc, Roskilde, Denmark 
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C.7.10 Statistics 

Statistical graphics were created using Plot-It55; the non-parametric Wilcoxon Signed-

Rank test was performed using the WinStat® plug-in module56 for Microsoft Excel®. 

Differences p < 0.05 in the Wilcoxon Signed-Rank test were considered significant.  
 

C.8 Protection studies 

C.8.1 Protection studies with the Subunit DIVA vaccine 

C.8.1.1 Vaccine preparation 

For the vaccine formulation, A. pleuropneumoniae ΔapxIIA mutants of serotypes 1, 2 

and 5 were grown under iron restricted conditions and extracted with 0.05% sodium 

deoxycholate as described in C.5.1.2. The CFS were sterile filtered57, formaldehyde 

was added to a final concentration of 0.05% (v/v), and samples were stirred for 1 h at 

room temperature. Equal volumes of the preparations of the three serotypes (all 

having protein contents of 1mg/ml) were combined and then emulsified with 10% 

(final concentration [f.c.]) of Emulsigen®-Plus58 (MVP Inc., Ralston, NE) and 15% 

(f.c.) of saline solution. Thus, each dose contained 250 µl of each of the three CFS 

preparations, 150 µl saline and 100 µl Emulsigen®-Plus. The placebo preparation 

was formulated like the vaccine but contained growth medium instead of CFS. One 

millilitre of vaccine and placebo were used for a single treatment.   

 

C.8.1.2 Experimental setup 

The vaccine was tested in two independent animal experiments (permit no. 33-

42502-05/954). In experiment 1, A. pleuropneumoniae serotype 2 isolate C3656 (an 

isolated distinct from the isolate used for the antigen preparation) was used as the 

challenge strain. Twenty-four pigs (German Landrace) of either sex (males were 

castrated) and 4 weeks of age from an A. pleuropneumnoniae-free herd were used 

as described above. Pigs were randomly assigned to two rooms with 12 pigs each 
                                            
55 Scientific Programming Enterprises, Haslett, MI, U.S.A 
56 R.Flitch Software, Staufen, Germany 
57 FP30/0,2 CA-S, pore size 0.2 µM, cellulose acetate, Schleicher & Schuell, Dassel, Germany 
58 MVP Inc., Ralston, Netherlands 



 Materials and Methods  

 58

and cared for as described in C.7.2. In each room seven, pigs were randomly 

selected and immunized intramuscularly by the injection of 1 ml of the DIVA-vaccine 

into the cervical musculature (vaccinated pigs); the ten remaining pigs received the 

placebo (control pigs). Three weeks later, booster immunizations were performed. 

Serum samples were obtained before the experiment and three weeks after booster 

immunizations. Twenty pigs (ten vaccinated and ten control pigs) were challenged 

three weeks after booster immunizations in an aerosol chamber with five pigs at a 

time as described in C.7.5. Four randomly selected vaccinated pigs were not 

challenged and separated in a new room (unchallenged group). Clinical examinations 

were performed daily as described in Surveillance of the animals during the 

experiment C.7.6 as needed. Five vaccinated and five control pigs were randomly 

selected and euthanized by intravenous injection of pentobarbital on day 7 post 

infection, the remaining 14 pigs were euthanized on day 21 post infection. 

Postmortem analysis, bacteriological and serological examinations as well as 

statistics were performed as described in C.7.8-C.7.10.  

In experiment 2, A. pleuropneumoniae serotype 9 isolate C1269 was used as a 

challenge strain in order to investigate cross-serotype protective efficacy. The 

experiment was set up as described above but only 15 pigs randomly assigned to 

two groups of ten and five pigs each were used. The ten pigs of group 1 were 

vaccinated as described above (vaccinated group) and the five pigs of group 2 were 

treated with the placebo (control group). In addition, body temperature was 

determined daily until day 7 post vaccination. 

 

C.8.2 Protection studies with the live DIVA vaccine 

C.8.3 Vaccine preparation 

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

of the A. pleuropneumoniae 6-fold mutant strain under investigation and grown with 

shaking at 37°C to an OD660 of 0.4-0.5. The culture was placed on ice for 10 minutes 

and then diluted for the respective application route. For the aerosol application, the 

cooled culture was further diluted 1:300 in ice-cold NaCl (150 mM), and kept on ice 

until use for a maximum of 2 h. Immediately prior to aerosolization, bacteria were 

further diluted 1:100 in ice-cold NaCl (150 mM) resulting in approximately 1 × 105 cfu 

per 13 ml dose (five pigs). Ice-cold NaCl  (150 mM) was used as placebo.. 
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For the i.m. and i.n. route, the cooled culture was diluted 1:5 and 1:500 in ice-cold 

NaCl (150 mM), resulting in approximately 8 x 107 and 8 x 105 cfu per 1 ml dose, 

respectively. The placebo consisted of PPLO broth diluted 1:5 with ice-cold NaCl 

(150 mM). 

 

C.8.4 Experimental setup 

The A. pleuropneumoniae 6-fold mutant was tested in two independent protection 

experiments. In the first experiment, the 6-fold mutant was administered in a single 

aerosol immunization (permit no. 33-42502-05/984). Fifteen pigs seven weeks of age 

(German Landrace) of either sex (males were castrated) from an A. 

pleuropneumnoniae-free herd as described in C.7.2 were used. They were randomly 

assigned to two groups of ten and five pigs, respectively. The ten pigs in group 1 

were vaccinated in a single aerosol infection with the 6-fold mutant and the five pigs 

in group 2 were treated with the placebo by aerosol application (control group). 

Clinical examinations were performed until seven days post vaccination as described 

in C.7.6. Three weeks after immunization all pigs were challenged with a 

heterologous A. pleuropneumoniae serotype 9 strain in the aerosol chamber with five 

pigs at a time as described in C.7.5. Clinical examinations were performed as 

described in C.7.6. Four vaccinated pigs were euthanized on day 7 post infection, the 

remaining pigs as well as the control pigs were euthanized on day 21 post infection. 

Post mortem analysis and bacteriological examinations as well as statistics were 

performed as described in C.7.8-C.7.10. Mortality was compared using Fisher´s 

Exact Test. Serological examinations were performed as described in C.7.10 and 

extended by two additional ELISAs. To quantify the humoral immune response 

against the TbpB protein, recombinant TpbB of A. pleuropneumoniae serotype 7 was 

used as solid phase antigen (GERLACH et al. 1992b), and the titer was determined 

in comparison to an internal negative control as described for the de-ELISA. Finally, a 

commercial ApxIV-ELISA was employed detecting antibodies directed against the 

ApxIV toxin, which is produced in vivo only by all A. pleuropneumoniae serotypes 

(DREYFUS et al. 2004). In this standardized ELISA, activities of ≤ 30% compared to 

a positive control are considered negative, activities of 30% to 40% are intermediate 

and activities  ≥ 40% are positive. 



 Materials and Methods  

 60

In the second experiment the 6-fold mutant was administered by the i.m. and i.n. 

route (permit no. 33.42502/05-13.05). Thirty pigs (German Landrace) of either sex 

(males were castrated) and 4-5 weeks of age from an A. pleuropneumnoniae-free 

herd as described in C.7.2. were used. They were randomly assigned to three groups 

of ten, and each group was again randomly divided into two subgroups of 5 pigs 

each. Group 1 was vaccinated via i.m. and group 2 via i.n. application. In each group 

one subgroup obtained the lower dose and the other subgroup obtained the higher 

dose. Group 3 was treated with the pacebo, one subgroup via i.m., the other via i.n. 

application. Clinical examinations were performed until seven days post vaccination 

as described in C.7.6. Three weeks after immunization, all pigs were challenged with 

a heterologous A. pleuropneumoniae serotype 7 strain in the aerosol chamber with 

five pigs at a time as described in C.7.5. Clinical examinations were performed as 

described in C.7.6. All pigs were euthanized 19-21 days post infection. Post mortem 

analysis as well as serological and bacteriological examinations and statistics were 

performed as described in C.7.8-C.7.10, with the addition of a bacteriological 

examination of the inoculation site of intramuscularly vaccinated pigs. 
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D Results 

D.1 Sequencing of transconjugation plasmids 

D.1.1 Sequencing of plasmid pBMK1 

The sequence of three regions of pBMK1 (Fig. 1A), namely the kanamycin resistance 

determinant, the sacB gene of B. subtilis, and pBluescript SK, were available in 

databases. The transition between these regions as well as the sequence of the 

mobRP4 region were unknown. In order to sequence the region between the sacB 

gene and the kanamycin resistance determinant PCR products were generated using 

primers oKAN-PUC4K1 and oSac1, and then sequenced. In addition, PCR products 

were generated for sequencing the region between the sacB gene and parts of the 

pBluescript SK using primers oSac2 and oBSK1 for the first part and primers oSac3 

and oBSK3 for the second part. These PCR fragments contain the omlA promotor of 

A. pleuropneumoniae.  

Since the generation of a PCR product spanning the mobRP4 region failed, primer 

walking was employed for sequencing. Thus, pBMK1 was prepared and directly 

sequenced with the respective primer. In the first step primer oKAN-PUC4K3 was 

used to sequence from the kanamycin cassette towards pBluescript SK, but 

sequencing failed due to a poly-C band directly adjacent to the kanamycin sequence. 

In the second step primer oBSK4, oBSK5 and oBSK6 were used to sequence in the 

opposite direction starting from pBluescript SK towards the kanamycin cassette. The 

obtained sequence was blasted and a 100% similarity was found to the tra genes of 

E.coli plasmid RP4 (Acc. no.: X54459).  

For further sequencing plasmid pBMKAΔ (Fig. 1B) was prepared. This plasmid is a 

derivative of pBMK1 containing a truncated apxIIA gene (with known sequence) so 

that primers oAZS1 and oAZS2 could be constructed. Primer oAZS1 points to the 

mobRP4 region and was used to sequence into this region. The sequence obtained 

also had 100% identity to the tra genes of E.coli plasmid RP4. Since the mobRP4 

region of pBMK1 originally is derived from RP4 no additional sequencing was 

necessary but the respective sequence published for RP4 was used. Primer oAZS2 

points towards the kanamycin cassette and was used to identify the sequence up to 

the poly-C band. 
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Fig. 1. Transconjugation plasmids pBMK1 (A) and pBMKAΔ (B). Solid boxes and 
arrowheads indicate the positions and orientations of the important features 
of the plasmids. bla ampilicin resistance determinat, kan kanamycin 
resistance determinant, ΔapxIIA mutated A. pleuropneumoniae serotype 2 
apxIIA gene, black arrowheads outside the plasmid circle indicate localistion 
and orientation of primers used for sequencing. 
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To complete sequencing of pBMK1, primers oMCS1 and oMCS3 were constructed. 

These primers comprise the multi-cloning site of pBMK1, which was excised when 

the apxIIA gene was inserted. 

 

D.1.2 Sequencing of  plasmid pEMOC2 

Transconjugation plasmid pEMOC2 (Fig. 2) is a derivative of pBMK1 containing a 

chloramphenicol resistance determinant (sequence kindly provided by Amersham) 

with omlA-promotor of A. pleuropneumoniae (instead of the kanamycin cassette in 

pBMK1) and the tbpB gene of A. pleuropneumoniae (Acc. no.: M85275.1) as a 

spacer instead of a multi-cloning site. Based on the sequence information of pBMK1 

only the regions between the sacB gene and the chloramphenicol resistance 

determinant as well as between the chloramphenicol cassette and the tbpB gene of 

pEMOC2 were unknown. These regions were sequenced with primers oSac1 and 

oChl1 and oChl2 and oTfb1, respectively, using plasmid DNA as template. 

Orientations of the primer are indicated in Fig. 2. 
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Fig. 2.  Transconjugation plasmid pEMOC2. Solid boxes and arrowheads indicate 
the positions and orientations of the important features of the plasmids. bla 
ampillicin resistance determinat, Cm chloramphenicol resistance 
determinant, tbpB A. pleuropneumoniae serotype 7 tbpB gene, black 
arrowheads outside the plasmid circle indicate localistions and orientations 
of primers used for sequencing. 

 

 

D.2 Development of a DIVA subunit vaccine against A. 

pleuropneumoniae infection 

In the study presented here, we describe the development of a previously described 

subunit vaccine (GOETHE et al. 2000) against A. pleuropneumoniae into a DIVA 

vaccine by constructing isogenic mutants of different A. pleuropneumoniae serotypes 

carrying deletions in the immunogenic apxIIA gene. 

D.2.1 Construction of isogenic A. pleuropneumoniae ΔapxIIA mutant 

strains 

For generating isogenic mutants, the single step transconjugation system was 

employed (OSWALD et al. 1999). This system allows the construction of a defined 

deletion within a gene without integrating an antibiotic resistance determinant. The 

transconjugation plasmids used in this study were constructed based on pEMOC2. 
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Since the vaccine should contain several A. pleuropneumoniae serotypes, mutant 

strains lacking the apxIIA gene were constructed of serotypes 1, 2, 5 and 9 . 

 

D.2.1.1 Transconjugation plasmids 

D.2.1.1.1 pAPX700 

The transconjugation plasmid for the construction of an apxIIA deletion in A. 

pleuropneumoniae serotype 2, pAPX700, was constructed by ligation of a 

PspOMI/NotI fragment of pBMKAΔ containing the deleted apxIIA of A. 

pleuropneumoniae serotype 2 into pEMOC2 restricted with PspOMI and NotI (Fig. 3). 
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Fig. 3.  Construction of pAPX700. Solid boxes and arrowheads indicate the 
positions and orientations of the important features of the plasmids. bla 
ampillicin resistance determinant, cm chloramphenicol resistance 
determinant, apxIIA A. pleuropneumoniae serotype 5 apxIIA gene. 

 
 

D.2.1.1.2 pAPX705 and pAPX709 

For construction of an apxIIA deletion in A. pleuropneumoniae serotype 5, pAPX705, 

was constructed. A 2918 bp large PCR fragment, obtained with primers oApxIIAU 
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and oApxIIAL using chromosomal DNA of A. pleuropneumoniae serotype 5 as 

template, was restricted with BamHI and SalI and ligated into pBluescript, resulting in 

plasmid pAPX105; plasmid pAPX105 was restricted with NcoI and BglII, blunt ended 

with Klenow fragment, and religated, resulting in plasmid pAPX115. The truncated 

apxIIA gene was removed on a PspOMI/NotI fragment and ligated into pEMOC2 cut 

with PspOMI and NotI, resulting in transconjugation plasmid pAPX705 (Fig. 4). 

Transconjugation plasmid pAPX709 was constructed in the same way but using 

chromosomal DNA of A. pleuropneumoniae serotype 9 as template. Plasmid 

pAPX709 was used for the transconjugation of A. pleuropneumoniae serotypes 1 and 

9.  
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Fig. 4. Construction of pAPX705. Solid boxes and arrowheads indicate the 
positions and orientations of the important features of the plasmids. bla 
ampilicin resistance determinant, cm chloramphenicol resistance 
determinant, apxIIA  A. pleuropneumoniae serotype 5 apxIIA gene. 
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D.2.1.2 Construction of isogenic mutants 

A. pleuropneumoniae ΔapxIIA  mutants of serotypes 1, 2, 5 and 9 were constructed 

by homologous recombination upon the introduction of the respective 

transconjugation plasmid (Fig. 3, Fig. 4) using DAPI auxotrophic E.coli β2155 as a 

donor for conjugation into the A. pleuropneumoniae wildtype strains. 

Chloramphenicol resistant colonies were screened for the presence of the introduced 

truncated gene via PCR (primers oAPX2A1 and oAPX2A2), and positive colonies 

were subjected to counterselection on sucrose. Sucrose resistant and 

chloramphenicol sensitive colonies were tested by PCR analyses. Colonies with the 

correct PCR profile were confirmed by nucleotide sequencing analysis, as well as 

Southern blotting of genomic DNA (Fig. 5A+B). Here, DNA was cut with restriction 

enzyme NdeI, and PCR products of the truncated apxIIA gene were used as template 

for the construction of probes by random priming. Restriction sites were located 

outside of the deletions, resulting in smaller bands in those strains carrying the 

deletion. Absence of genomic rearrangements in all mutants was confirmed by PFGE 

(Fig. 5D). The lack of expression of the ApxIIA toxin was shown by Western Blot 

analyses of cell free culture supernatants using antibodies raised against the ApxIIA 

toxin (Fig. 5C). 
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Fig. 5.  Genotypic and phenotypic characterization of A. pleuropneumoniae ΔapxIIA 
mutant strains in serotypes 1, 2, 5 and 9. S1, A. pleuropneumoniae serotype 
1, S2; A. pleuropneumoniae serotype 2; S5, A. pleuropneumoniae serotype 5; 
S9, A. pleuropneumoniae serotype 9; lane w, wild type; lane Δ, ΔapxIIA 
mutant. (A) PCR analysis, using primers oAPX2A1 and oAPX2A2. The 
numbers to the left indicate the size of the respective PCR fragment. (B) 
Southern blot analysis using radiolabeled oAPX2A1/oAPX2A2 PCR product 
as probe. Digestion of genomic A. pleuropneumoniae DNA was done with 
NdeI. The numbers to the left indicate the size of the respective DNA 
fragment. (C) Western blot analysis of ApxIIA expression The numbers to the 
left show the size of marker proteins. Silver stained SDS-PAGE gels (left) and 
western blots developed with serum directed against the ApxIIA protein 
(right), showing that the mutant strains were not capable of producing 
ApxIIA toxin. (D) PFGE of PspOMI, AscI and NotI-digested DNA to 
demonstrate, that no gross genomic rearrangements have occurred. Arrows 
indicate the macrorestriction fragments hybridizing to an apxIIA-specific 
probe. The numbers to the left indicate the size of marker fragments.  

D.2.2 Analysis of the vaccine preparations 

A. pleuropneumoniae ΔapxIIA mutants of serotypes 1, 2 and 5 were selected as 

strains for the preparation of the DIVA subunit vaccine. The preparation of surface-

associated proteins of these serotypes was performed as described in C.5.1.2. 

The presence of immunogenic antigens in the extracts derived from the A. 

pleuropneumoniae ΔapxIIA strains was confirmed by Western Blot analyses using 

sera raised against the outer membrane-associated proteins OmlA and TbpB. Three 

different fractions of the vaccine preparation procedure were analyzed. One ml of the 

detergent wash culture before centrifugation containing bacteria and supernatant 

represents the first fraction, the bacterial pellet obtained after centrifugation of one ml 

is the second fraction, and the cell free culture supernatant obtained after 

centrifugation of one ml is third fraction analyzed. The relative enrichment of proteins 

OmlA and TbpB is indicated in Fig. 6. 
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Fig. 6. Relative enrichment of immunogenic proteins in detergent extracts of A. 
pleuropneumoniae apxIIA mutants during the vaccine preparation 
procedure. Silver stained SDS PAGE gel (top) and Western blots developed 
with antibodies raised against the TbpB- (middle) and the OmlA-proteins 
(bottom); 1, culture before centrifugation; 2, pellet fraction after detergent 
extraction; 3, cell free culture supernatant. S1, A. pleuropneumoniae 
serotype 1; S2, A. pleuropneumoniae serotype 2; S5, A. pleuropneumoniae 
serotype 5. The numbers to the left indicate the relative positions of the size 
markers in kilodaltons, the solid arrowheads show the position of the TbpB 
and OmlA protein, respectively. The Western blots were developed with a 
mixture of sera raised against the TbpB proteins of A. pleuropneumoniae 
serotypes 1, 5, and 7 and OmlA proteins of A. pleuropneumoniae serotypes 
1, 2, and 5, respectively. 

 

D.2.3 Protective efficacy of the DIVA subunit vaccine upon 
homologous challenge 

To elucidate the protective efficacy of the DIVA subunit vaccine upon homologous 

challenge, fourteen pigs were vaccinated twice in intervals of three weeks with one 

ml of the DIVA subunit vaccine, and ten pigs were treated with a placebo. Three 

weeks after booster immunization, ten vaccinated and ten control pigs were 

challenged with A. pleuropneumoniae serotype 2 strain C3656 as described in C.7.5. 

The challenge dose for five pigs as calculated via serial dilutions on PPLO agar were 

1.7 x 105 cfu. Four pigs remained unchallenged. 
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D.2.3.1 Clinical symptoms in infected pigs 

One day after challenge with A. pleuropneumoniae serotype 2 strain C3656, seven 

out of ten control pigs showed an increase in body temperature above 40.5°C 

accompanied by dyspnea and depression or vomiting in some pigs, whereas none of 

the vaccinated pigs showed any clinical symptoms. Accordingly, control pigs had a 

significantly higher clinical score after infection than pigs in the vaccinated group (Fig. 

7). 

 

Fig. 7. Clinical score of vaccinated and control pigs at homologous challenge 
shown as notched boxes. The central symbol within the hourglass shape 
represents the geometric mean, the hinges present the values in the middle 
of each half of data, and the top and bottom symbols mark the minimum and 
maximum value. Asterisks denote statistical significance (P<0.05) in the 
Wilcoxon Signed-Rank Test. 

 

D.2.3.2 Bacterial reisolation and pathomorphological changes in challenged 

pigs 

Necropsies on day 7 and day 21 post infection revealed a significantly higher lung 

lesion score in the control group as compared to the vaccinated group (p < 0.05, 

Wilcoxon Test; Fig. 8A). The challenge strain could be isolated from all control pigs in 

all samples of intact and pneumonic lung, lymph node and tonsil seven days post 

infection (Table 7). In vaccinated pigs reisolation of the challenge strain was 
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consistently possible from pneumonic lung samples, whereas in intact lung, lymph 

node and tonsil A. pleuropneumoniae could only be isolated sporadically on day 7 

post infection. On day 21 post infection no apparent difference was observed in the 

isolation frequency between the control and the vaccinated group (Table 7).  
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D.2.3.3 Systemic immune response of challenged pigs 

Three weeks after booster immunization, all pigs were tested in the de-ELISA and the 

ApxII-ELISA; control pigs had no titer in either ELISA whereas vaccinated pigs had 

strong antibody titers in the de-ELISA, but no titer in the ApxII-ELISA (Table 7). Using 

protein preparations of a single serotype as solid phase antigen in the de-ELISA, no 

statistical difference of the immune responses of vaccinated pigs could be detected 

between serotypes 1 and 2 and serotypes 2 and 5 (Wilcoxon Test, p < 0.05). The 

titers were 2828±2177 for serotype 1, 2700±3288 for serotype 2 and 1671±1760 for 

serotype 5. 

On day 21 post infection all control pigs had high titers in the de-ELISA; one pig was 

positive in the ApxII-ELISA (33 units), one pig had an increased titer (18 units), and 

two control pigs were negative. All vaccinated pigs had high titers in the de-ELISA 

and were negative in the ApxII-ELISA (Fig. 8B). However, using Western blot 

analyses with recombinant ApxII toxin, two vaccinated pigs tested positive for the 

presence of anti-ApxII antibodies 21 days post infection (Fig. 9). Vaccinated and 

unchallenged control pigs had a comparable titer in the de-ELISA and were 

consistently negative in the ApxII-ELISA.  



 Results  

 77

 

Fig. 8.  Pathological and serological findings upon homologous challenge. (A) Lung 
lesion score of all pigs shown as notched boxes; five pigs in each of the 
groups were sacrificed only on day 21 post infection. (B) Humoral immune 
response of control and vaccinated pigs one day before and 21 post 
infection assessed using a detergent extract (de-ELISA) or the recombinant 
ApxIIA protein (ApxII-ELISA) as solid-phase antigen. The immune response 
was expressed in ELISA units (based on an external standard) for the 
standardized ApxII-ELISA with activities of more than 26 ELISA units 
considered positive; for the de-ELISA, the immune response was expressed 
as serum titer in comparison to an internal control. Asterisks denote 
statistical significance (P < 0.05) in the Wilcoxon Signed-Rank Test. 
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Fig. 9.  Western Blot analysis with recombinant ApxII toxin of sera from vaccinated 
and convalescent pigs. The numbers to the left indicate the relative size of 
the recombinant ApxII protein in kilodaltons, the solid arrowheads shows the 
position of the recombinant ApxII protein. The Western blots were developed 
with sera of convalescent pigs 21 days post infection. Each lane represents 
the serum of one pig. Number 1, negative control (pool of sera derived 
seronegative pigs); number 1-11, pigs vaccinated with the subunit DIVA 
vaccine and challenged with A. pleuropneumoniae serotype 9; number 12-16, 
pigs vaccinated with the subunit DIVA vaccine and challenged with A. 
pleuropneumoniae serotype 2.  Sera of pigs with bold and underlined 
numbers were considered positive for the presence of anti-ApxII antibodies 
in comparison to the negative control. 

 
 

D.2.4 Protective efficacy of the DIVA subunit vaccine upon 
heterologous challenge 

For testing the protective efficacy of the DIVA subunit vaccine upon heterologous 

challenge, ten vaccinated and five control pigs were either treated twice with the 

vaccine or with a placebo, and then subjected to challenge three weeks after booster 

immunization with A. pleuropneumoniae serotype 9 C1569 (C.7.5). The challenge 

dose was calculated 1.6 x 105 cfu in the vaccinated group and 1.7 x 105 cfu in the 

control group. 

D.2.4.1 Clinical symptoms in infected pigs 

 Within a period of 24 h after infection with the heterologous A. pleuropneumoniae 

serotype 9 strain, all control pigs developed dyspnea, anorexia and depression and 



 Results  

 79

died within 48 h post infection. None of the vaccinated pigs showed any clinical 

signs, and body temperature did not increase over 40.1°C during the recorded time 

until seven days post infection (Table 8). 
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D.2.4.2 Bacterial reisolation and pathomorphological changes in challenged 

pigs 

At necropsy control pigs had severe fibrinous pleuritis with hemorrhagic-necrotizing 

pneumonia affecting large parts of the lung. Vaccinated pigs were euthanized and 

necropsied 21 days post infection; none of the pigs showed any alteration of the lung 

or the pleura (Fig. 10A). The challenge strain was reisolated in high numbers from all 

pigs of the control group; it could be isolated from only two of the ten vaccinated pigs 

in low numbers (Table 8). 

 

Fig. 10. Pathological and serological findings upon heterologous challenge. (A) Lung 
lesion score of all pigs shown as notched boxes. (B) Humoral immune 
response of vaccinated and control pigs one day before and 21 post 
infection assessed using a detergent extract (de-ELISA) or the recombinant 
ApxIIA protein (ApxII-ELISA) as solid-phase antigen. The immune response 
was expressed in ELISA units (based on an external standard) for the 
standardized ApxII-ELISA with serum activities of more than 26 ELISA units 
considered positive; for the de-ELISA, the immune response was expressed 
as serum titer in comparison to an internal control. Asterisks denote 
statistical significance (P < 0.05) in the Wilcoxon Signed-Rank Test. 

 

D.2.4.3 Systemic immune response of challenged pigs 

Serum samples were taken three weeks after booster immunization and three weeks 

after infection. None of the control pigs had a titer in either ELISA at the time of 

infection. Vaccinated pigs had high titers in the de-ELISA, but were negative in the 

ApxII-ELISA at the time of infection as well as three weeks after infection (Fig. 10B). 

However, using Western blot analyses, two vaccinated pigs were shown to have 
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detectable antibodies against the recombinant ApxII protein three weeks post 

infection (Fig. 10B). The titers of the vaccinated pigs three weeks after booster 

immunization using the single serotype preparations as solid phase antigen were 

1520±1893 for serotype 1, 1640±2050 for serotype 2 and 1050±968 for serotype 5; 

no statistical difference between the preparations was observed (Wilcoxon Test, p < 

0.05). 

D.2.5 Analysis of the humoral immune response of vaccinated pigs 

D.2.5.1 One-dimensional gel electrophoresis and Western blot analysis of outer 

membrane-associated proteins 

To investigate the humoral immune response of pigs upon vaccination as well as 

after challenge with A. pleuropneumoniae serotype 2 and 9, respectively, Western 

blot analyses of each of the serotype-specific vaccine components and of whole cell 

lysates of either challenge strain, cultured under iron restrictive conditions, were 

performed with different pools of convalescent sera (Fig. 11A). Vaccination resulted 

in the induction of antibodies against several proteins in each of the serotype-specific 

detergent extract preparations, and these antibodies appear to be cross reactive with 

a multitude of proteins in the whole cell lysates of the challenge strains (Fig. 111B). 

Upon challenge, additional proteins of the whole cell lysates of the challenge strains 

were recognized. In addition, these pools also detect additional proteins in the 

detergent extract preparation of serotypes 1 and 5 with a size of approximately 104 

kDa.  
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Fig. 11.  Western Blot analysis of the humoral immune response upon vaccination 
and challenge. Silver stained SDS PAGE gel (A) and Western blots 
developed with serum pools of all vaccinated pigs taken one day before 
challenge (B), of pigs vaccinated and challenged with A. pleuropneumoniae 
C3656 (serotype 2) three weeks post infection (C) and of pigs vaccinated and 
challenged with A. pleuropneumoniae C1269 (serotype 9) three weeks post 
infection (D); lanes 1 to 3, detergent wash from vaccine strains A. 
pleuropneumoniae serotypes 1, 2, and 5; lanes 4, 5, whole cell lysates of 
challenge strains A. pleuropneumoniae C3656 serotype 2 and A. 
pleuropneumoniae C1269 serotype 9. The numbers to the left indicate the 
molecular mass of marker proteins in kilodaltons. 

 

 

D.2.5.2 two-dimensional gel electrophoresis and western blot analysis of outer 

membrane-associated proteins 

Since the antigenic composition of the outer membrane-associated protein 

preparation is unknown, two-dimensional gel electrophoresis of each serotype 

preparation was employed as described in C.5.4. After separation of the proteins, the 

gel was either stained with Coomassie blue, or proteins were transferred to 

nitrocellulose and detected via immunoblotting with sera of pigs obtained three weeks 

after booster immunization as described in C.5.5.3. All serotype preparations had 

similar protein patterns as shown in Fig. 12A . Several proteins which were 

recognized by convalescent sera (Fig. 12B) were identified using Q-TOF MS and 
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were listed in Table 9. Since the protein preparation of serotype 2 contains a striking 

protein with high molecular mass which is not present in the other preparations, this 

protein was also analyzed and identified as ApxIV toxin.  

Table 9: Proteins identified in outer membrane-associated protein preparations via Q-
TOF MS. 
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I RTX 1 toxin determinant A. 
pleuropneumoniae  109.9 5.6 24.2 18 1, 5 46143512 

II 

GTPases translation 
elongation factor A. 

pleuropneumoniae serovar 
1 str. 4074; 

43.4 5.4 41.1 11 1, 2, 
5 53728829 

III 

outer membrane protein 
and related peptidoglycan 
associated lipoproteins A. 
pleuropneumoniae serovar 

1 str. 4074  

38.7 9.7 3.3 2 1 32034275 

IV 
outer membrane protein 

porin A. pleuropneumoniae 
serovar 1 str. 4074  

39.6 9.1 37.7 12 1, 2, 
5 53729162 

V RTX protein A. 
pleuropneumoniae (ApxIV) 202 4.8 11.5 18 2 4103168 
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D.3 Development of a DIVA live vaccine against A. 

pleuropneumoniae infection 

Vaccination against Actinobacillus pleuropneumoniae is hampered by the lack of 

vaccines inducing reliable cross-serotype protection. In contrast, pigs surviving 

natural infection are at least partially protected from clinical symptoms upon 

reinfection with any serotype. Thus, based on an A. pleuropneumoniae serotype 2 

prototype live negative marker vaccine (TONPITAK et al. 2002) we set out to 

construct an attenuated A. pleuropneumoniae live vaccine allowing the differentiation 

of vaccinated from infected animals (DIVA concept) by successively deleting 

additional virulence-associated genes.  

 

D.3.1 Construction of isogenic A. pleuropneumoniae mutant strains 

For the construction of isogenic A. pleuropneumoniae mutant strains, the established 

single step transconjutation system was employed (OSWALD et al. 1999). Based on 

a 3-fold mutant containing deletions in the apxIIA, ureC and dmsA genes further 

genes were successively deleted until a mutant strain was constructed which was 

found to be highly attenuated.  

D.3.1.1 Transconjugation plasmids 

D.3.1.1.1 pHYB700 and pAS700 

Transconjugation plasmid pHYB700 for the introduction of the hybB deletion was 

constructed by ligation of a ApaI/NotI fragment of pHYB603 containing the truncated 

hybB gene of A. pleuropneumoniae serotype 7 into pEMOC2 restricted with ApaI and 

NotI (Fig. 13). Transconjugation plasmid pAS700, based on pEMOC2, was restricted 

with ApaI and NotI and the truncated aspA gene of A. pleuropneumoniae serotype 7 

on an ApaI/NotI fragment was inserted (Fig. 14). 
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Fig. 13:  Construction of plasmid pHYB700. Arrows denote the direction of the 
respective reading frames in the circular maps. amp, Ampicillin resistance 
determinant, cm Chloramphenicol resistance determinant, kan Kanamycin 
resistance determinant, ΔhybB mutated A. pleuropneumoniae hybB. 
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Fig. 14:  Construction of plasmid pAS700. Arrows denote the direction of the 
respective reading frames in the circular maps. amp, ampicillin resistance 
determinant, cm chloramphenicol resistance determinant, kan kanamycin 
resistance determinant, ΔaspA truncated A. pleuropneumoniae aspA gene. 

 

D.3.1.1.2 pFUR702 

A region comprising approximately 1700 bp of A. pleuropneumoniae serotype 2 

C5934 chromosomal DNA containing the fur gene was sequenced (Acc.no.: 

AM282586). This region shows 90% identity to the respective fur region of A. 



 Results  

 89

pleuropneumoniae AP 76 serotype 7. To construct transconjugation plasmid 

pFUR702, PCR products obtained with primers oFUR7 and oFUR7intb as well PCR 

products obtained with primers oFUR8 and oFUR8int using chromosomal DNA of A. 

pleuropneumoniae C5934 as template were restricted with BsmBI and ligated. The 

ligation product, which contains the fur gene with a 153 bp in frame deletion, was 

used as template for a PCR with primers oFUR7 and oFUR8. The obtained PCR 

product was cloned into pCR 2.1 TOPO resulting in pFUR802. The truncated fur 

gene was removed on a XbaI fragment and ligated into pBluescript SK+ restricted 

with XbaI resulting in plasmid pFUR102. To construct transconjugation plasmid 

pFUR702, the truncated fur gene of pFUR102 was removed on a PspOMI/NotI 

fragment and ligated into pEMOC2 restricted with PspOMI and NotI (Fig. 15). 
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Fig. 15. Construction of plasmid pFUR702. Solid boxes and arrowheads indicate the 
positions and orientations of the important features of the plasmids. bla 
ampicilin resistance determinant, cm chloramphenicol resistance 
determinant, Δfur mutated A. pleuropneumoniae serotype 5 fur gene. 
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D.3.1.2 Construction of isogenic mutant strains 

A. pleuropneumoniae ΔapxIIAΔureCΔdmsAΔhybB (4-fold mutant ΔhybB) and A. 

pleuropneumoniae ΔapxIIAΔureCΔdmsAΔaspA (4-fold mutant ΔaspA) were 

constructed by homologous recombination upon the introduction of plasmids 

pHYB700 and pAS700, respectively, using diaminopimelic acid auxotrophic E.coli 

β2155 as the donor for the conjugation into A. pleuropneumoniae 

ΔapxIIAΔureCΔdmsA (3-fold mutant). Chloramphenicol resistant colonies were 

screened by PCR (o34-1f and o34-1r for the hybB gene and oASPX and oASPY for 

the aspA gene) for the presence of the deleted gene, and positive colonies were 

subjected to sucrose counterselection. Sucrose resistant and chloramphenicol 

sensitive colonies were again screened for the correct PCR profile. Transconjugation 

plasmid pAS700 was also used to delete the aspA gene in the 4-fold mutant ΔhybB, 

resulting in A. pleuropneumoniae ΔapxIIAΔureCΔdmsAΔhybBΔaspA (5-fold mutant). 

Finally, plasmid pFUR702 was used to introduce a deleted fur gene into the 5-fold 

mutant via the single step transconjugation system resulting in A. pleuropneumoniae 

ΔapxIIAΔureCΔdmsAΔhybBΔaspAΔfur (6-fold mutant). 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 mutants strains 

was confirmed by PFGE (Fig. 16). 



 Results  

 92

 



 Results  

 93

Fig. 16. Genotypic characterization of A. pleuropneumoniae mutants. lane 1, A. 
pleuropneumoniae wild type; lane 2, A. pleuropneumoniae 
ΔapxIIAΔureCΔdmsA; lane 3, A. pleuropneumoniae 
ΔapxIIAΔureCΔdmsAΔhybB;lane 4, A. pleuropneumoniae 
ΔapxIIAΔureCΔdmsAΔaspA; lane 5, A. pleuropneumoniae 
ΔapxIIAΔureCΔdmsAΔhybBΔaspA; lane 6 A. pleuropneumoniae 
ΔapxIIAΔureCΔdmsAΔhybBΔaspAΔfur; lanes M, size marker. (A) PCR 
analyses, using primers o34-1f and o34-1r (left), oAspX and oAspY (middle) 
and oFurX and oFurY (right). (B) Southern Blot analyses using radiolabled 
PCR-products obtained with primers o34-1f and o34-1r as probe (left), with 
primers oAS15/oAS8 (middle), and with primers oFurX/oFurY (right). 
Digestion of genomic A. pleuropneumoniae DNA was done with enzymes 
indicated below the blots. (C) PFGE of PspoMI-, AscI-, NotI-digested DNA 
demonstrate that no gross genomic rearrangements have occurred. Arrows 
indicate the fragments hybridizing to a hybB-specific DNA probe (black), 
aspA-specific DNA probe (red) and fur-specific probe (blue).  

D.3.1.3 Phenotypical characterization of isogenic A. pleuropneumoniae mutants 

D.3.1.3.1 Aspartase activity of the 5-fold mutant 

In order to investigate the aspartase activity of the 5-fold mutant, an aspartase assay 

with cell lysates from A. pleuropneumoniae wild type and the 5-fold mutant grown 

under anaerobic conditions was performed. The mutant strain lacked detectable 

aspartase activity (Fig. 17), confirming that the 57 bp deletion in the aspA gene is 

sufficient to abolish aspartase function. 
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Fig. 17. Aspartase activity in A. pleuropneumoniae wild type and 5-fold mutant. 
Active aspartase leads to the production of fumarate and increase of 
absorbency at 240 nm over time given in min on the x-axis. Cell lysates 
containing 100 μg of total protein were added to the assay buffer.  

D.3.1.3.2 Expression of TbpB in the 6-fold mutant 

The deletion of the fur gene leads to the constant expression of proteins which are 

usually repressed if iron is available. To determine if the deletion of the fur gene 

leads to functional deletion, Western Blot analyses of whole cell lysates of A. 

pleuropneumoniae wt and 6-fold mutant cultures grown under either standard culture 

conditions or iron restrictive conditions were performed using antibodies raised 

against the TbpB protein. TbpB was only weakly detected in wild type cultures grown 

under standard culture conditions, but in the 6-fold mutant grown under the same 

conditions the protein was detected in equal amounts as in the cultures grown under 

iron restrictive conditions (Fig. 18). This indicates that in the 6-fold mutant TpbB as 

an example of Fur regulated gene products is expressed constitutively, independent 

of the iron concentration.  
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Fig. 18. Western Blot analysis of TbpB expression in the 6-fold mutant. Coomassie 
Blue stained gel (top) and corresponding Western blot (below); A. 
pleuropneumoniae serotype 2 wild type grown under standard culture 
conditions (lane 1) and under iron restrictive conditions (lane 2); 6-fold 
mutant grown under standard culture conditions (lane 3) and under iron 
restrictive conditions (lane 4). The arrow indicates the position of the TbpB 
protein. 

 
 

D.3.1.3.3 Growth characteristics of the 6-fold mutant 

The 6-fold mutant shows a significantly reduced growth rate under standard culture 

conditions during the exponential growth phase determined by OD (p < 0,01, 

Student´s T-Test; Fig. 19A) in comparison to the A. pleuropneumoniae wild type 

strain. In contrast, determination of the viability during this phase via cfu per ml, 

reveals no statistically significant differences between both strains (Fig. 19B). The 6-

fold mutant appears to be less viable over an extended incubation time, although the 

24 hour values do not differ significantly. 
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Fig. 19. Growth curves of A. pleuropneumoniae serotype 2 strain C5934 and the 6-
fold mutant in supplemented PPLO medium with shaking as determined by 
OD600 (A) or cfu per ml (B). Hinges represent the standard deviation as 
determined from three independent experiments.  

D.3.2 Virulence studies 

In order to investigate the residual virulence of the various mutants, pigs were 

challenged with the wild type strain (9.1 x 104  cfu aerolized per five pigs), the 5-fold 

mutant (1.5 x 105 cfu aerolized per five pigs), and the 6-fold mutant (1.1 x 105 cfu 

aerolized per five pigs) in the aerosol chamber. 
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D.3.2.1 Clinical symptoms in infected pigs 

In the group infected with the 5-fold mutant six of nine pigs showed increased body 

temperatures (> 40.5°C) on day 1 post infection, and three pigs refused to feed. 

Three days post infection all pigs had body temperatures below 40.5°C, and in the 

seven days post infection only one pig developed coughing. In the group infected 

with the 6-fold mutant four of five pigs had an increase of body temperature above 

40.5°C on the first day post infection. No other clinical symptoms were observed. In 

the wild type group, all pigs infected developed severe disease; eight of nine pigs 

had body temperatures above 40.5°C on the first day after infection, accompanied by 

anorexia, dyspnea, lethargy, and vomiting in some pigs. The clinical score in this 

group was significantly higher (p < 0.05) than that of the 5-fold and the 6-fold mutant 

group (p < 0.05, Wilcoxon Test; Fig. 20). 

 

Fig. 20. Clinical score of pigs infected with A. pleuropneumoniae wild type, 5-fold 
mutant, and 6-fold mutant shown as notched boxes. Asterisks denote 
statistical significance (p < 0.05) in the Wilcoxon Signed-Rank Test. 

D.3.2.2 Bacterial reisolation kinetics and pathomorphological 
changes in challenge pigs 

Necropsies performed on days 7 and 21 post infection revealed a significantly higher 

lung lesion score in the group infected with the wild type strain as compared to the 

groups infected with the mutant strains (p < 0.05, Wilcoxon Test; Fig. 21), and pigs 

infected with the 6-fold mutant had only minimal pathological alterations. 
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No apparent differences were observed with respect to the reisolation of the 

challenge strains determined as the reisolation score between the groups infected 

with parent strain and the 5-fold mutant strain on day 7 post infection. The correct 

pheno- and genotypes of isolates were confirmed by PCR analyses and CAMP test. 

On day 21 post infection reisolation of the 5-fold and the 6-fold mutant from intact 

lung tissue was reduced (one in five samples each) in comparison to the wild type 

strain (four of five samples). Looking at intact and altered lung tissue, the 6-fold 

mutant could only be reisolated from two of five pigs in low numbers (two to ten 

colonies in the directly swabbed area of the plate) whereas the wild type strain could 

be isolated from all pigs in high numbers (confluent growth in the first fractionation 

and single colonies in the second fractionation) 21 days post infection.  

 

Fig. 21. Lung lesion score upon challenge with different mutant strains of A. 
pleuropneumoniae serotype 2 shown as notched boxes. The asterisk 
denotes statistical significance (p < 0.05) in the Wilcoxon Signed-Rank Test. 

 

D.3.2.3 Systemic immune response of challenge pigs 

Pigs infected with either of the mutant strains had no titer in the ApxII-ELISA at any 

time after infection but showed a detectable response in the de-ELISA 21 days post 

infection. Four of five pigs infected with the wild type strain were positive in the ApxII-

ELISA 21 days post infection, and all had titers in the de-ELISA comparable to pigs 

infected with the 5-fold mutant (Table 10). 
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D.3.3 Protective efficacy of the live DIVA vaccine after aerosol 
application upon A. pleuropneumoniae serotype 9 challenge 

Since pigs immunized with the 6-fold mutant had a reasonable humoral immune 

response and the immune response of a serotype 2 double mutant is known to be 

protective against homologous challenge (TONPITAK et al. 2002), pigs were directly 

subjected to a heterologous challenge using an A. pleuropneumoniae serotype 9 

strain (1.7 x 105 cfu aerolized per five pigs). 

D.3.3.1 Clinical symptoms in infected pigs after vaccination and after 
challenge 

On day 1 after aerosol immunization with the 6-fold mutant, five of ten vaccinated 

pigs had an increase of body temperature above 40.5°C, and in the next six days two 

pigs developed mild coughing for one or two days. Other clinical symptoms were not 

observed. Control pigs aerosolized with NaCl solution had no clinical symptoms or 

alterations of body temperature. Upon challenge with A. pleuropneumoniae serotype 

9 five immunized pigs had an increased body temperature (> 40.5°C) on the day after 

infection. During the next six days all but one pig had no or only mild clinical 

symptoms. All control pigs developed anorexia, severe dyspnea and depression, and 

three out of five pigs died within 48 h whereas none of the vaccinated pigs died 

(p < 0.05; Fisher´s Exact Test). 

D.3.3.2 Bacterial reisolation and pathomorphological changes in 
challenged pigs 

At necropsy, seven of 10 vaccinated pigs had lung lesions (Table 11). The vaccine 

strain could be reisolated sporadically from vaccinated pigs, and no difference was 

observed in the reisolation frequency of the challenge strain between the vaccinated 

and the control group (Table 11).  
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D.3.3.3 Systemic immune response of challenged pigs 

Three weeks after aerosol immunization all pigs were tested in the de-ELISA, as well 

as the TbpB-, the ApxIV, and the ApxII-ELISA (DIVA-function); control pigs had no 

titer in either ELISA whereas some of the vaccinated pigs had detectable antibody 

titers in the de-ELISA (7 of 10) and in the TbpB-ELISA (6 of 10) but no titer in the 

ApxIV and ApxII-ELISA (Fig. L9). Three weeks post challenge the two surviving 

control pigs had antibody titers in the de-ELISA and the TbpB-ELISA, and one pig 

was positive in the ApxII-ELISA. Vaccinated pigs had strong titers in the de-ELISA (5 

of 6) and TbpB-ELISA (6 of 6), two were positive in the ApxIV-, and two were positive 

in the ApxII-ELISA (Fig. 22).  

 

Fig. 22. Antibody titer upon heterologous challenge. Humoral immune response of 
control and vaccinated pigs one the day before and 21 days post infection 
assessed using a detergent extract (de-ELISA), recombinant TbpB protein of 
A. pleuropneumoniae serotype 7 (TbpB-ELISA), recombinant ApxIV protein 
(ApxIV-ELISA), or the recombinant ApxIIA protein (ApxII-ELISA) as solid-
phase antigen. The immune response was expressed in ELISA units (based 
on an external standard) for the standardized ApxII-ELISA with activities of 
>25 ELISA units considered positive. Using the standardized ApxIV-ELISA 
acitivities of > 40% in comparison to an external control were considered 
positive; for the de-ELISA and the TbpB-ELISA, the immune response was 
expressed as serum titer in comparison to an internal negative control. 
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D.3.4 Protective efficacy of the live DIVA vaccine after intramuscular 
and intranasal application upon A. pleuropneumoniae serotype 
7 challenge 

To investigate the protective efficacy of the 6-fold mutant upon conventional 

application strategies, pigs were vaccinated via intramuscular and intranasal 

application routes. Five piglets per inoculation group were treated with 8 x 105 cfu 

and five pigs were treated with 8 x 107 cfu. All pigs were challenged via aerosol three 

weeks after vaccination with 3.4 x 104 cfu of A. pleuropneumoniae AP76 serotype 7 

per 5 pigs. No differences in any of the parameters recorded were observed between 

the groups obtaining the different immunization doses. 

D.3.4.1 Clinical symptoms in infected pigs after vaccination and after 
challenge 

In the first two days after vaccination  8 of ten pigs vaccinated via the intramuscular 

route had an increase in body temperature above 40,5°C. The skin around the 

inoculation site showed redness and swelling of a diameter ranging from 5 to 8 cm. 

This swelling was visible in some pigs until euthanasia. Some pigs developed an 

open abscess with pus pouring outside. All piglets vaccinated via the intranasal route 

as well as all control pigs had no clinical symptoms. 

In the two days after challenge with A. pleuropneumoniae AP76, six out of seven 

control pigs showed an increase in body temperature above 40.5°C accompanied by 

dyspnea (2 pigs), depression (2 pigs), or vomiting (one pig). One control pig was 

euthanized due to severe respiratory symptoms on day two after challenge and one 

control pig died on day five after challenge. In the group vaccinated intramuscularly, 

six of ten pigs had an increase in the body temperature above 40.5°C during the 

recorded time, seven developed dyspnea and coughing, and one pig died two days 

after challenge due to severe pulmonary distress. In the group vaccinated 

intranasally, only one pig had an increase in temperature above 40.5°C and 

developed dyspnea. All other pigs remained clinically healthy. Pigs vaccinated via the 

intranasal route had a statistically significant lower clinical score than the control pigs 

(Student´s T test, p < 0,05,Fig. 23).  
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Fig. 23. Clinical score of pigs vaccinated intramuscularly and intranasally and 
control pigs upon heterologous challenge with A. pleuropneumoniae 
serotype 7 shown as notched boxes. Asterisks denote statistical 
significance (p < 0.05) in the Wilcoxon Signed-Rank Test. 

 

D.3.4.2 Bacterial reisolation and pathomorphological changes in challenged 

pigs 

At necropsy performed on day 21 post infection, all control pigs had severe fibrinous 

pleuritis with hemorrhagic-necrotizing pneumonia affecting large parts of the lung, 

whereas one of the pigs vaccinated intranasally and five of nine pigs vaccinated 

intramuscularly had alterations. Furthermore, nine of ten pigs vaccinated 

intramuscularly had an abscess at the inoculation site ranging from 1 to 6 cm in 

diameter. The lung lesion scoring system revealed a significantly higher lung lesion 

score in the control group as compared to both vaccination route groups. In addition, 

the group vaccinated intramuscularly had a significant higher lung lesion score as 

compared to the intranasally vaccinated group (p < 0.05, Wilcoxon Test; Fig. 24). 

No statistically significant differences were observed between the groups with respect 

to the reisolation of the challenge strains determined as the reisolation score (Table 

12). The 6-fold mutant used for vaccination could be reisolated from two abscesses 

of intramuscularly vaccinated pigs as well as three times from lymph nodes and one 
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time from intact lung tissue of intranasally vaccinated pigs six weeks after 

vaccination. 

 

 

Fig. 24. Lung lesion score of intramuscularly and intranasally vaccinated and control 
pigs 21 days post challenge with heterologous challenge with A. 
pleuropneumoniae serotype 7 shown as notched boxes. Asterisks denote 
statistical significance (p < 0.05) in the Wilcoxon Signed-Rank Test. 
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D.3.4.3 Systemic immune response of challenged pigs 

Three weeks after vaccination, all vaccinated pigs were serologically negative in the 

ApxII-ELISA. All pigs in the group vaccinated via the intramuscular route had a titer in 

the de-ELISA, whereas only one pig in the intranasally treated group had a 

detectable titer. Control pigs were negative in both ELISAs. Three weeks after 

challenge, the de-ELISA titers of pigs vaccinated intramuscularly increased 

considerably; in the group vaccinated intranasally, four of 10 pigs had a detectable 

titer in this ELISA, and also all surviving control pigs had a detectable titer. All control 

pigs and four pigs vaccinated intramuscularly were positive in the ApxII-ELISA, but 

none of the pigs vaccinated intranasally; however, one pig in this group had an 

intermediate result (Fig. 25). 

Using the de-ELISA, the immune response was also determined in BALF samples 

which are considered to be the 10 to 40-fold dilution of the epithelial lining fluid 

(HENNIG-PAUKA et al. 2001). BALF samples were taken on day 5 post challenge 

from five pigs per application route group. Four of five pigs vaccinated 

intramuscularly and two of five pigs vaccinated intranasally had detectable immune 

responses in the undiluted and in up to 4-fold diluted BALF.  
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Fig. 25. Antibody titer after using different application routes and upon challenge 
with A. pleuropneumoniae serotype 7. Humoral immune response of control 
and vaccinated pigs one the day before and 21 days post infection assessed 
using a detergent extract (de-ELISA) and the recombinant ApxIIA protein 
(ApxIIA-ELISA) as solid-phase antigen. The immune response was 
expressed in ELISA units (based on an external standard) for the 
standardized ApxIIA-ELISA with activities of >25 ELISA units considered 
positive, for the de-ELISA, the immune response was expressed as serum 
titer in comparison to an internal negative control. 
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E Discussion 

E.1 Sequencing of transconjugation plasmids 

Genetic manipulation based on homologous recominbation with transconjugation 

plasmids is a powerful tool to construct isogenic mutant strains in A. 

pleuropneumoniae lacking antibiotic resistance marker or any other foreign DNA. 

Computer programs like SCI clone manager® facilitate planning and subsequent 

control of the cloning experiments required to construct optimized transconjugation 

plasmids. Yet, these programs require the full sequence information of each plasmid 

and DNA fragment used. Therefore, we set out to obtain the sequence of both 

plasmids used for the single step transconjugation system in our laboratory, pBMK1 

and pEMOC2 (BALTES et al. 2003b; OSWALD et al. 1999). We used sequence 

information provided by databases, sequenced the transition between the  

sequences available, and submitted the completed sequence of both plasmids to the 

freely accessible database Genbank. The availability of full sequences greatly 

facilitates the verification of plasmids constructed, since in silico restriction analyses 

can easily be performed and compared to the laboratory results.  

E.2 Development of a DIVA subunit vaccine against A. 

pleuropneumoniae infection 

Prevention and control of A. pleuropneumoniae infections is hampered by the lack of 

vaccines providing both cross-serotype protection and a DIVA function. In the study 

presented here, we developed a DIVA subunit vaccine which is highly protective in 

homologous (A. pleuropneumoniae serotype 2) and heterologous (A. 

pleuropneumoniae serotype 9) challenge experiments.  

Goethe et al. (GOETHE et al. 2000) proposed a new A. pleuropneumoniae subunit 

vaccine preparation prepared by means of detergent extraction of broth cultures 

subjected to iron restricted conditions. The authors showed that this mixture of 

antigenic components, which are for the most part unidentified, can reliably protect 

pigs from clinical and pathological symptoms upon homologous challenge.  

It is known that A. pleuropneumoniae serotypes can be divided into three different 

groups due to common antigenic determinants, namely the 3, 6, 8 - group  (NIELSEN 

1985), the 1, 9, 11 – group (INZANA et al. 1992), and the 4, 7 – group (NICOLET 

1988). A. pleuropneumoniae serotypes 2, 5, 10 and 12 can not be assigned to any 
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group (NIELSEN 1984). Further, using the TbpB protein as one example of a 

common antigenic determinant Gerlach et al. (1992b) classified A. pleuropneumoniae 

serotypes 1 to 12 into three groups with the serotypes in each group expressing one 

highly homologous protein. The major TbpB group contains A. pleuropneumoniae 

serotypes 2, 3, 4, 7, 8, 9, 10 and 11, a minor group contains serotypes 1, 6 and 12, 

and the TbpB protein of serotype 5 is highly distinct from either of the two groups. 

Based on these findings, we chose three A. pleuropneumoniae serotypes belonging 

to different antigenic groups and expressing a maximum number of the diverse 

protective antigens known to date; in addition, the serotypes chosen are the ones 

isolated most frequently in Northern Europe and in North America (CHIERS et al. 

2002a). We hypothesised that a vaccine containing a combination of surface-

associated proteins from these serotypes might lead to a cross-serotype protective 

immune response. 

In order to obtain a DIVA subunit vaccine we set out to introduce a negative marker 

into the subunit vaccine. The ApxII toxin was assumed to be a suitable marker as it is 

i) highly immunogenic (FREY 1995); ii) expressed by all serotypes except serotypes 

10 and 14 (BOSSE et al. 2002; NIELSEN et al. 1997), which have no clinical 

relevance in Europe; and iii) appeared to be not essential for protective immunity 

(TONPITAK et al. 2002). The resulting vaccine strains still express the ApxI and 

ApxIII toxins which have been shown to play a major role in development of a 

protective immune response (FREY 1995). We employed the single step-

transconjugation system developed for A. pleuropneumoniae serotype 7 thereby 

showing that it is also applicable to A. pleuropneumoniae serotypes 1 and 5. Using 

the three isogenic A. pleuropneumoniae apxIIA mutants, we formulated a subunit 

vaccine based on the procedure described previously using only reagents licensed 

for use in livestock (GOETHE et al. 2000) and exemplarily proved the relative 

enrichment of antigenic determinants with the well characterised outer membrane-

associated proteins TbpB and OmlA (Fig. 6). 

In order to compare the efficacy of the DIVA subunit vaccine with the subunit vaccine 

developed by Goethe et al. (2000), we used the same experimental set-up upon 

infection with A. pleuropneumoniae serotype 2. The results confirmed our hypothesis 

that the ApxII toxin is not required for the development of a protective immune 

response, as clinical and pathological alterations are comparable. The function of the 

ApxII protein as a marker was confirmed by the absence of an immune response in 
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the ApxII-ELISA after two immunisations, upon which a strong immune response was 

elicited by all pigs in the de-ELISA.  

Additionally, we focused on the ability of the challenge strain to colonise and to 

persist in the respiratory tract of vaccinated pigs. We therefore took seven swab 

samples from defined localisations of each lung at necropsy and used a 

semiquantitative reisolation score to compare the number of reisolated bacteria. The 

results indicated a reduced reisolation of the challenge strain in vaccinated pigs 

implying that the non-recombinant DIVA subunit vaccine reduces colonisation of the 

respiratory tract epithelium. In combination with the fact that none of the immunised 

pigs had any lung lesions, it is not surprising that these pigs – although they were 

found to be asymptomatic carriers of the challenge strain - did not develop an 

immune response high enough to be detectable in the ApxII-ELISA even three weeks 

post infection. This finding is in agreement with the results of Chiers et al. (CHIERS 

et al. 2002a) who observed that infection of the upper respiratory tract does not lead 

to neutralising antibodies against the Apx toxins. However, using the more sensitive 

Western blot analysis, antibodies could be detected in some of the vaccinated pigs, 

thereby showing that the DIVA principle – although not applicable on the level of 

individual pigs – is functional on the herd level.  

Since the vaccine formulation contained equal amounts of antigen from each of the 

three serotypes, and since no statistical difference (Wilcoxon Signed-Rank Test) was 

observed in the ELISA titer to the single antigen of serotype 2 versus the single 

antigens of serotypes 1 and 5, we did not perform additional challenge experiments 

with homologous A. pleuropneumoniae serotypes but investigated cross-serotype 

protection using A. pleuropneumoniae serotype 9 in the second challenge 

experiment. The finding that none of the vaccinated pigs had any clinical signs or 

pathological alterations supported the concept of cross-serotype protection provided 

by the subunit vaccine. Vaccinated pigs were all negative in the ApxII-ELISA after 

two immunisations; similarly to the challenge with A. pleuropneumoniae serotype 2 

antibodies to the ApxII toxin could only be detected by Western blot analyses in some 

pigs of the vaccinated group. 

The finding that multiple antigens of both the homologous and the heterologous 

challenge strains were detected by the sera of pigs after vaccination imply that the 

humoral immune response directed against the diverse surface-associated antigens 

of three different A. pleuropneumoniae serotypes is responsible for the cross-
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serotype protection observed. Thus, recombinant subunit vaccines containing single 

antigens were only partially protective (BYRD et al. 1992; DEVENISH et al. 1990; 

INZANA et al. 1988; ROSSI-CAMPOS et al. 1992), and a commercial subunit 

vaccine containing ApxI, ApxII, ApxIII toxins and one outer membrane protein also 

was only partially protective upon challenge with A. pleuropneumoniae serotype 9 

and not able to prevent lung lesions (CHIERS et al. 1998).  

To identify some of the protective antigenic components of the outer membrane-

associated protein preparation, 2D-PAGE was employed. Since antibodies directed 

against secreted proteins like the Apx toxins are known to play an important role in 

mediating protection, we precipitated the cell-free culture supernatant (CFS) of each 

serotype and separated it on a 2D gel. As a result of limited protein amount 

applicable on the Immobiline® Dry Strips, only proteins present in high quantities 

were detectable with Coomassie staining. The Apx toxins were shown to be one 

class of such proteins present in higher quantities. ApxI was recognized by the 

convalescent sera of vaccinated pigs, indicating that vaccination induces antibodies 

directed against this toxin. As expected it was identified in A. pleuropneumoniae 

serotypes 1 and 5. Since serotypes producing ApxI like serotypes 1, 5 and 9 are 

particularly virulent (HAESEBROUCK et al. 1997; KOMAL a. MITTAL 1990), anti-

ApxI antibodies probably contribute to the high protective efficacy of this subunit 

vaccine against serotype 9. ApxIII is likely present in greater quantities in the CFS as 

indicated by a dominant spot with the correct size in the 2D PAGE of the CFS of A. 

pleuropneumoniae serotype 2, but since this protein was only weakly recognized by 

the convalescent sera, it was not examined with Q-TOF MS. Surprisingly, ApxIV, 

which has been described to be expressed only in vivo (SCHALLER et al. 1999), was 

identified in the protein preparation of A. pleuropneumoniae serotype 2. The reason 

for in vitro expression in this serotype remains to be determined. Possibly the apxIV 

gene of this strain is regulated by iron availability, or the apxIV promotor is mutated 

leading to constitutive expression. Since this protein is not recognized by the 

convalescent sera, the question whether and how it contributes to the protective 

efficacy of the subunit vaccine requires further elucidation. 

One immunogenic protein consistently identified in each serotype preparation is the 

elongation factor Tu (EF-Tu), which was also recently identified in A. 

pleuropneumoniae as being predominantly expressed in vivo (BALTES a. GERLACH 

2004). EF-Tu is a cytosolic protein which forms a ternary complex with tRNA and 
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GTP and is responsible for the delivery of aminoacyl-tRNAs to the ribosomal A site 

(NILSSON a. NISSEN 2005). However, in the respiratory tract pathogen Mycoplasma 

(M.) pneumoniae, it was proven to have additional functions. In this pathogen it is 

also surface translocated and able to bind to the extracelluar matrix component 

fibronectin, thereby probably facilitating initiation and establishment of infection 

(DALLO et al. 2002). Similar functions have not been described for this protein in A. 

pleuropneumoniae, but as it is consistently identified in larger quantities in outer 

membrane-associated protein preparations, such a function appears likely to be 

present. In M. pneumoniae, antibodies directed against recombinant EF-Tu were able 

to inhibit binding to immobilized fibronectin. Thus, it can be speculated that 

antibodies raised against A. pleuropneumoniae EF-Tu upon vaccination might also 

inhibit binding of the challenge strains to the extracellular matrix in the porcine 

respiratory tract and play an important role in inhibition of colonization. Nevertheless, 

role and impact of A. pleuropneumoniae EF-Tu in infection requires further 

elucidation.  

Furthermore, the outer membrane protein porin of A. pleuropneumoniae was 

consistently identified in the protein preparations of all serotypes. This porin has not 

been further analyzed in A. pleuropneumoniae, but the homologous protein in 

Haemophilus (H.) influenzae, the porin major outer membrane protein P2 (MOMP2) 

has been functionally investigated. MOMP2 is the most abundantly expressed protein 

in the outer membrane of H. influenzae (VACHON et al. 1985) and is the target for 

bactericidal antibodies (MURPHY a. BARTOS 1988). These antibodies are strain 

specific and - in infant rats - induce protection against experimental otitis media 

(MUNSON, JR. et al. 1983; SHURIN et al. 1980). In addition, a second outer 

membrane-associated lipoprotein, the outer membrane and related peptidoglycan-

associated lipoprotein of A. pleuropneumoniae was identified. This protein shows  a 

high similarity to the outer membrane protein (OmpA) of Pasteurella (P.) trehalosi. 

The immunogenic OmpA or heat-modifiable protein is a major structural component 

of the outer membranes of gram-negative bacteria (BEHER et al. 1980; PUOHINIEMI 

et al. 1990; ZENG et al. 1999). Several functions have been attributed to OmpA like 

maintenance of the outer membrane integrity (SONNTAG et al. 1978), the function as 

a bacteriophage receptor  (MORONA et al. 1985) or a role in conjugation 

(SCHWEIZER a. HENNING 1977). However, OmpA is also involved in adherence to 

host tissues in Chlamydia spp. (MOULDER 1991), E. coli (TORRES a. KAPER 
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2003), H. influenzae (HILL et al. 2001) and Pasterella (P.) multocida (DABO et al. 

2003). The impact of OmpA and MOMP2 of A. pleuropneumoniae on the protective 

efficacy of the subunit vaccine remains to be determined. 

2D-PAGE and Western Blot analyes with subsequent protein identification by Q-ToF 

MS and data base analyses was shown to be an adequate method for identifying the 

major immunogenic proteins in the outer membrane-associated protein preparations. 

The proteins identified could be used in the future as marker proteins for the 

standardisation of the vaccine components. Thus, quantitative 2D PAGE instead of 

mouse or pig immunization experiments could be employed for the batch control of A. 

pleuropneumoniae non-recombinant subunit vaccine.  

The OmlA as well as the TpbB protein were not identified by 2D-PAGE and 

subsequent Western Blot with convalescent serum, but they were proven to be in the 

detergent extract by Western Blot analyses with specific antibodies (Fig. 6). This is 

most likely due to the low level expression of both proteins; since both proteins have 

also been shown previously to react with sera of vaccinated animals and to have a 

protective efficacy, testing of batches for these antigens would still remain useful.  

In the future, the concept of inducing A. pleuropneumoniae cross-serovar protection 

using surface-associated proteins from three serovars needs to be further 

substantiated by additional challenge experiments. Further, an ApxII ELISA sensitive 

enough to detect specific antibodies also in animals colonized after a previous 

vaccination (DIVA antibodies) should be developed, and more protective antigens 

should be identified in order to standardise vaccine components and to facilitate 

licensing. 

 

E.3 Development of a DIVA live vaccine against A. 

pleuropneumoniae infection 

An ideal vaccine for livestock is inexpensive to produce, easy to use, requiring only a 

single application, highly protective, and facilitating the differentiation of infected and 

vaccinated animals (DIVA-principle). With respect to an A. pleuropneumoniae 

infection, this goal is particularly difficult to meet due to the occurrence of 15 

serotypes with only limited cross-protection occurring upon the use of bacterin 

vaccines. However, it has been reported that pigs surviving infection with one 

serotype are at least partially protected from clinical symptoms upon reinfection with 
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other serotypes (CRUIJSEN et al. 1995; HAESEBROUK et al. 1996; NIELSEN 1979; 

NIELSEN 1984). 

Therefore, we set out to construct a highly attenuated defined multiple A. 

pleuropneumoniae mutant with residual colonizing ability enabling it on the one hand 

to consistently induce an immune response upon a single aerosol application but, on 

the other hand, rendering it unable to cause clinical disease. As starting material we 

chose a double mutant constructed previously which already fulfills the DIVA principle 

but was still able to cause disease (TONPITAK et al. 2002). In order to further 

attenuate this strain we initially focused on enzymes involved in anaerobic respiration 

which have been shown to facilitate the pathogen’s persistence in the reducing 

environment of the epithelial lining fluid as well as in necrotic lung tissue with reduced 

oxygen tension (BALTES et al. 2005). To avoid problems with antibiotic resistance 

and undefined mutations present in experimental live attenuated A. 

pleuropneumoniae vaccines described previously (FULLER et al. 2000; INZANA et 

al. 1993; PRIDEAUX et al. 1999), the single-step transconjugation system was 

employed as it allows the construction of strains with multiple isogenic mutations not 

containing foreign DNA as shown in this study. 

Since the sole deletion of the dmsA gene encoding for the DMSO reductase had only 

slightly attenuating effects (BALTES et al. 2003a), we deleted two additional 

enzymes involved in anaerobic metabolism, namely the aspartate-ammonia lyase 

and the [NiFE] hydrogenase, which were shown to be associated with A. 

pleuropneumoniae virulence (BALTES et al. 2004; JACOBSEN et al. 2005b). The 

resulting 5-fold mutant was significantly attenuated, but was still able to cause 

disease. Based on the findings of Baltes et al. (2005) that a complete impairment of 

the anaerobic metabolism by deletion of the global anaerobic regulator HlyX renders 

A. pleuropneumoniae unable to reliably colonize the respiratory tract (BALTES et al. 

2005) we saw the necessity to impair a second metabolic pathway and decided on 

the iron uptake pathway. As iron-uptake-associated proteins are important protective 

antigens e.g. TbpA and TbpB (BALTES et al. 2002; GERLACH et al. 1992b; 

GERLACH et al. 1992a; ROSSI-CAMPOS et al. 1992), we set out to delete the fur 

gene, thereby causing impairment by constitutive expression of highly immunogenic 

proteins (JACOBSEN et al. 2005a; SHEEHAN et al. 2003). Following the hypothesis 

that impairment of both anaerobic and iron uptake pathways should render A. 
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pleuropneumoniae very highly attenuated but still able to colonize, we constructed a 

6-fold mutant lacking a functional fur gene.  

Since an ideal live vaccine should still be able to colonize the respiratory tract but 

should show only limited survival within the host to prevent unwanted spread of the 

vaccine strain, we thoroughly investigated the ability of the 6-fold mutant to persist in 

the host. We took seven swab samples from defined localizations of each lung as 

well as from tonsils and bronchial lymph nodes at necropsy and used a 

semiquantitative reisolation score for the lung samples to compare the quantity of 

reisolated bacteria. The results of this study and the comparison with previous 

studies using single and double mutants of A. pleuropneumoniae serotype 7 

(BALTES et al. 2003a; JACOBSEN et al. 2005a;b) indicate that the two major 

metabolic functionalities impaired (the anaerobic metabolism with deletion of dmsA, 

hybB, aspA and the ferric uptake pathway with deletion of fur) are equally important 

for the high degree of attenuation and the decreased persistence within the host. 

Thus, a fur single mutant as well as the 5-fold mutant are still able to cause clinical 

disease whereas the 6-fold mutant does not cause clinical disease but is still able to 

persist in intact lung tissue over a period of six weeks in low numbers.  

Since pigs asymptomatically carrying A. pleuropneumoniae on the tonsils do 

generally not develop measurable antibody titers, a colonization of the lower 

respiratory tract appears to be required for a humoral immune response (CHIERS et 

al. 2002a;b). Consequently, an A. pleuropneumoniae vaccine strain devised for 

single aerosol application must be able to colonize the lower respiratory tract and 

express protective antigens. Due to the ability of the 6-fold mutant to colonize and 

consistently induce a humoral immune response without occurrence of severe clinical 

disease, we used it as a vaccine strain in a protection experiment although the short 

rise in body temperature observed upon aerosol vaccination is not in accordance with 

current licensing rules for commercial vaccines. In previous studies using highly 

attenuated A. pleuropneumoniae single mutants as experimental live vaccines a 

certain degree of cross-serotype protection could be observed, but at least two 

applications of a high dose (~109 colony forming units) were required (INZANA et al. 

1993; PRIDEAUX et al. 1999). Since it is known that animals convalescent from A. 

pleuropneumoniae infection with one serotype are at least partially protected from 

clinical disease upon infection with other serotypes (CRUIJSEN et al. 1995) we 

investigated the protective efficiacy of the 6-fold mutant upon challenge with an A. 
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pleuropneumoniae serotype 9 strain. This strain is antigenetically highly distinct from 

A. pleuropneumoniae serotype 2. Thus, the serotype 9 strain belongs to the 1, 9, 11– 

group (INZANA et al. 1992), and A. pleuropneumoniae serotypes 2 is not assigned to 

any group (NIELSEN 1984) expressing other Apx-toxins (FREY et al. 1993) and a 

different OmlA protein (GERLACH et al. 1993) than A. pleuropneumoniae serotype 9. 

However, A. pleuropneumoniae serotypes 2 and 9 carry the same tbpBA-operon (DE 

LA PUENTE-REDONDO VA et al. 2000), and immunization with both recombinant 

TbpB and TbpA proteins has been shown to be protective (GERLACH et al. 1992b; 

WILKE et al. 1997). Pigs vaccinated with the 6-fold mutant were significantly 

protected from clinical disease upon infection with A. pleuropneumoniae serotype 9, 

thereby supporting the concept of an attenuated A. pleuropneumoniae live vaccine 

providing cross-serovar protection. 

Commercial use of a vaccine also depends on its fabrication features like production 

time and costs. Industrial production of the 6-fold mutant seems to be feasible, since 

the growth rate determined as well as the viability of the 6-fold mutant was not 

impaired in comparison to the parent strain. Furthermore, a practical application 

system is necessary for the field usage of a vaccine. Thus, the 6-fold mutant was 

tested upon single intramuscular or intranasal injection, to elucidate the efficacy of 

conventional application strategies. In order to investigate cross-serotype protection 

against a second serotype and considering the frequency of occurance of different 

serotypes we challenged with A. pleuropneumoniae serotype 7, which is frequently 

isolated in Northern America. In addition, serotype 7 belongs to the 4, 7– group 

(NICOLET 1988) and expresses another OmlA protein (GERLACH et al. 1993). The 

adverse effects observed upon intramuscular application like high fever and abscess 

formation clearly show that this application method is not worthwhile to be followed 

up further, although vaccinated pigs were significantly protected from pathological 

alterations. In contrast, intranasal vaccination does not cause any adverse effects, 

but is highly protective. This additionally supports the concept of a live attenuated 

vaccine, which is able to induce cross-serovar protection. 

Antibodies directed against the TbpB protein might be one important factor. Thus, 

although not all animals had detectable TbpB-specific titers prior to infection, aerosol 

vaccinated animals – in contrast to the non-vaccinated controls – all had detectable 

titers after infection, thereby supporting the occurrence of a booster reaction upon 

infection. Intramuscular vaccination seems to induce a stronger humoral immunity 
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than intranasal vaccination, since local and systemic antibodies could be consistently 

detected only in this group. But since the intranasal group was protected more 

efficiently, other components of the immune response are likely to be responsible for 

protection. A cellular Th1-type immune response causing cross-serovar protection 

may have been induced by the live vaccine strain. This as well as the possible role of 

additional antigens possibly expressed only upon entry of the host need to be 

determined in future studies. 

Vaccination via intranasal application seems to be feasible for field use, at least until 

the time of weaning, as long as piglets are manageable. Vaccination via aerosol is 

currently not being used in pigs. However, in the past vaccination of pigs via aerosol 

has been used successfully in the field (KADEN a. BEER 1982; SCHULZ 1972). 

Also, the principle feasibility of live aerosol vaccines under current legislation has 

been documented recently by licensing of a Mycoplasma gallisepticum live vaccine 

for hens (Nobilis® MG 6/85; Intervet, Unterschleissheim, Germany) to be applied via 

spray aerosolization.  

The reason for the adverse effects of the highly attenuated 6-fold mutant upon 

intramuscular application remains to be determined as it is in contrast to previously 

used experimental live vaccines, which did not cause any clinical symptoms upon 

intramuscular or intradermal application (FULLER et al. 2000; INZANA et al. 1993; 

PRIDEAUX et al. 1999). Licensing of a live A. pleuropneumoniae vaccine applied 

intranasally might be feasible since an initial rise in temperature was not observed. 

The apparent lack of protection from airway colonization might be acceptable since 

this disadvantage - according to our initial data - would be compensated by the 

advantage of single application and the discrimination between infected and 

vaccinated plus infected groups (DIVA-function). 
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F Summary 
 

DIVA vaccine development against Actinobacillus pleuropneumoniae infection 
Alexander Maas 

 

Actinobacillus pleuropneumoniae is the causative agent of porcine pleuropneumonia 

which leads to high economic losses in the swine industry worldwide. Vaccination 

against this pathogen is hampered by the occurrence of 15 serotypes, and commonly 

used whole cell bacterin vaccines are not sufficiently cross-serotype protective. In 

addition, for generating and maintaining specified pathogen-free herds it is desirable 

to use DIVA (differentiating infected from vaccinated animals) vaccines. Thus, we 

embarked on two different strategies to develop DIVA vaccines inducing reliable 

cross-serotype protection.  

The first strategy is based on a detergent wash extraction of outer membrane-

associated and secreted proteins which we developed into a DIVA vaccine using the 

immunogenic ApxII toxin present in 13 of the 15 A. pleuropneumoniae serotypes as 

the DIVA antigen. The apxIIA gene was deleted in each of the vaccine strains (A. 

pleuropneumoniae serotypes 1, 2, and 5) using a single-step transconjugation 

system, and equal parts of detergent washes from these strains served as the 

vaccine antigen. After intramuscular immunisation all pigs developed a strong 

humoral immune response to the vaccine antigen and showed no reactivity in an 

ApxIIA-ELISA. Upon challenge, all pigs were completely protected from clinical 

symptoms in trials with a homologous (serotype 2) as well as with a heterologous 

strain (serotype 9); in addition, colonisation of the challenge strain was clearly 

reduced though not abolished completely. As a result of the highly efficient 

protection, however, immunised pigs did not develop antibodies to the DIVA-antigen 

at levels detectable by ELISA but only by a more sensitive Western blotting 

approach, thereby demonstrating the challenge in developing appropriate marker 

vaccines for the livestock industry. In order to identify the main immunogenic 

antigens and standardize the vaccine components, two dimensional gel 

electrophoresis with subsequent Western Blot analysis in combination with quadropol 

time-of-flight mass spectrometry was employed. We identified five different proteins. 

Among these proteins was the ApxIV toxin, which was described to be expressed 

only in vivo.  
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Since pigs surviving natural infection are at least partially protected from clinical 

symptoms upon reinfection with any serotype, in our second strategy we set out to 

construct an attenuated A. pleuropneumoniae live vaccine allowing the differentiation 

of vaccinated from infected animals by successively deleting virulence-associated 

genes. Based on an A. pleuropneumoniae serotype 2 prototype live negative marker 

vaccine, genes encoding enzymes involved in anaerobic respiration and the ferric 

uptake regulator Fur were deleted resulting in a highly attenuated 6-fold mutant; this 

mutant was still able to colonize the lower respiratory tract and induced a detectable 

immune response. Upon a single aerosol application, this mutant provided significant 

protection from clinical symptoms upon heterologous infection with an antigenically 

distinct A. pleuropneumoniae serotype 9 challenge strain and allowed the serological 

discrimination between infected and vaccinated groups. Since a practical application 

system is necessary for a potential future use of the vaccine in the field, the 

protective efficacy of the 6-fold mutant upon single intramuscular or intranasal 

injection was tested. Both application routes were shown to induce a protective 

immunity against challenge with A. pleuropneumoniae serotype 7, but only the 

intranasal application caused no adverse effects and still mediated a highly protective 

immune response upon challenge with a heterologous serotype. 
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G Zusammenfassung 
 

DIVA Impfstoffentwicklung gegen Infektionen mit Actinobacillus 

pleuropneumoniae 

Alexander Maas 

 

Actinobacillus pleuropneumoniae ist der Erreger der Pleuropneumonie der Schweine, 

die weltweit zu hohen wirtschaftlichen Verlusten in der Schweinehaltung führt. Eine 

Impfung gegen dieses Pathogen wird durch das Vorkommen von 15 verschiedenen 

Serotypen erschwert und zur Zeit gebräuchliche Bakterinimpfstoffe schützen nicht 

ausreichend serotypübergreifend. Außerdem ist es für die Erzeugung und Erhaltung 

von spezifisch pathogen-freien Beständen wünschenswert, Impfstoffe zu nutzen, die 

eine Unterscheidung von geimpften und infizierten Tieren ermöglichen (DIVA 

Impfstoffe, Differentiation of infected and vaccinated animals). Wir haben daher zwei 

verschiedene Strategien verfolgt um DIVA Impfstoffe zu entwickeln, die einen 

zuverlässigen serotypübergreifenden Schutz erzeugen.  

Die erste Strategie gründet auf einer Detergenzextraktion von äußeren Membran-

assoziierten und sezernierten Proteinen, die wir in einen DIVA Impfstoff 

weiterentwickelt haben. Dabei dient das ApxII-Toxin, das in 13 von 15 A. 

pleuropneumoniae Serotypen vorhanden ist, als DIVA-Antigen. Das apxIIA Gen 

wurde in jedem der Impfstoffstämme (A. pleuropneumoniae Serotypen 1, 2 und 5) mit 

Hilfe des „Single-Step“ Transkonjugationssystems zerstört, und gleiche Anteile der 

Detergenzextraktionen dieser Stämme dienten anschließend als Impfstoffantigen. 

Nach intramuskulärer Immunisierung entwickelten alle Schweine eine starke 

humorale Immunantwort gegenüber den Impfstoffantigenen und zeigten keinerlei 

Reaktion im ApxIIA-ELISA. Bei Belastung mit einem homologen (Serotyp 2) oder 

einem heterologen (Serotyp 9) waren alle Schweine komplett gegen klinische 

Symptome geschützt; zusätzlich war die Kolonisierung durch die Belastungsstämme 

deutlich reduziert, wenn auch nicht ganz unterbunden. Als ein Resultat der sehr 

guten Schutzwirkung des Impfstoffes entwickelten die geimpften Schweine zwar 

Antikörper gegen das ApxII-Toxin, die aber nicht mit dem ELISA, sondern nur mit 

dem sensitiveren Western Blot nachgewiesen werden konnten. Genau dieses 

Verhältnis von ausreichendem Schutz, aber dennoch Unterscheidung von geimpften 

und geimpften plus infizierten Tieren stellt eine der Herausforderungen der 
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Markerimpfstoffentwicklung dar. Zur Identifizierung der hauptsächlich vorhandenen 

Immunogene und zur Standardisierung der Inhaltsstoffe wurde eine zwei- 

dimensionale Gelelektrophorese in Kombination mit einer Quadrupol „time-of-flight“ 

Massenspektrometrie eingesetzt. Dabei haben wir fünf verschiedene Proteine 

identifiziert. Unter diesen Proteinen war auch das ApxIV-Toxin, das bisher nur als in 

vivo exprimiert beschrieben wurde.  

Aufgrund der Tatsache, dass Schweine, die eine natürliche Infektion überstanden 

haben, anschließend zumindest teilweise gegen klinische Erscheinungen bei 

Reinfektion mit irgendeinem anderen Serotyp geschützt sind, haben wir in unserer 

zweiten Strategie versucht, einen A. pleuropneumoniae DIVA Lebendimpfstoff zu 

entwickeln. Dabei wurden schrittweise virulenz-assoziierte Gene ausgeschaltet. Auf 

Basis eines A. pleuropneumoniae-Serotyp-2-Prototyp-Lebend-Negativ-

Markerimpfstoffes wurde durch Deletion von Genen, die für Enzyme des anaeroben 

Stoffwechsels sowie für den Eisenaufnahmeregulator Fur kodieren, eine stark 

attenuierte 6fach Mutante erzeugt. Diese Mutante ist immer noch in der Lage, den 

unteren Atemtrakt zu kolonisieren und eine zuverlässige, nachweisbare 

Immunantwort zu induzieren. Nach einmaliger Aerosolapplikation bietet sie einen 

signifikanten Schutz vor klinischer Erkrankung nach heterologer Belastung mit einem 

antigenetisch stark unterschiedlichen Serotyp 9 Stamm. Außerdem erlaubt diese 

Mutante eine serologische Unterscheidung zwischen infizierten und geimpften 

Gruppen. Da für eine spätere Nutzung in der Praxis eine praktikable Applikationsform 

notwendig ist, wurde die protektive Wirkung der 6fach Mutante nach einmaliger 

intramuskulärer oder intranasaler Injektion untersucht. Beide Applikationsrouten 

waren in der Lage eine schützende Immunität gegen Infektionen mit A. 

pleuropneumoniae Serotyp 7 zu induzieren, aber nur die intranasale Immunisierung 

verursachte keine Nebenwirkungen und vermittelte dennoch einen hohen 

Immunschutz gegenüber Infektion mit einem heterologen Serotyp.  
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H Appendix 
I.1  Sequence of A. pleuropneumoniae serotype 2 C 5934 fur gene 
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I.2  Amino acid sequence of ApxIV protein with marked peptides identified 
by Q-TOF MS 

   1 MTKLTMQDVT NLYLYKTKTL PKDRLDDSLI SEIGKGDDDI DRKEFMVGPG 

  51 RFVTADNFSV VRDFFNAGKS RIIAPQVPPI RSQQEKILVG LKPGKYSKAQ 

 101 ILEMLGYTKG GEVVNGMFAG EVQTLGFYDD GKGDLLERAY IWNTTGFKMS 

 151 DNAFFVIEES GKRYIENFGI EPLGKQEDFD FVGGFWSNLV NRGLESIIDP 

 201 SGIGGTVNLN FTGEVETYTL DETRFKAEAA KKSHWSLVNA AKVYGGLDQI 

 251 IKKLWDSGSI KHLYQDKDTG KLKPIIYGTA GNDSKIEGTK ITRRIAGKEV 

 301 TLDIANQKIE KGVLEKLGLS VSGSDIIKLL FGALTPTLNR MLLSQLIQSF 

 351 SDSLAKLDNP LAPYTKNGVV YVTGKGNDVL KGTEHEDLFL GGEGNDTYYA 

 401 RVGDTIEDAD GKGKVYFVRE KGVPKADPKR VEFSEYITKE EIKEVEKGLL 

 451 TYAVLENYNW EEKTATFAHA TMLNELFTDY TNYRYEVKGL KLPAVKKLKS 

 501 PLVEFTADLL TVTPIDENGK ALSEKSITVK NFKNGDLGIR LLDPNSYYYF 

 551 LEGQDTGFYG PAFYIERKNG GGAKNNSSGA GNSKDWGGNG HGNHRNNASD 

 601 LNKPDGNNGN NQNNGSNQDN HSDVNAPNNP GRNYDIYDPL ALDLDGDGLE 

 651 TVSMNGRQGA LFDHEGKGIR TATGWLAADD GFLVLDRNQD GIINDISELF 

 701 SNKNQLSDGS ISAHGFATLA DLDTNQDQRI DQNDKLFSKL QIWRDLNQNG 

 751 FSEANELFSL ESLNIKSLHT AYEERNDFLA GNNILAQLGK YEKTDGTFAQ 

 801 MGDLNFSFNP FYSRFTEALN LTEQQRRTIN LTGTGRVRDL REAAALSEEL 

 851 AALLQQYTKA SDFQAQRELL PAILDKWAAT DLQYQHYDKT LLKTVESTDS 

 901 SASVVRVTPS QLSSIRNAKH DPTVMQNFEQ SKAKIATLNS LYGLNIDQLY 

 951 YTTDKDIRYI TDKVNNMYQT TVELAYRSLL LQTRLKKYVY SVNAKQFEGK 

1001 WVTDYSRTEA LFNSTFKQSP ENALYDLSEY LSFFNDPTEW KEGLLLLSRY 

1051 IDYAKAQGFY ENWAATSNLT IARLREAGVI FAESTDLKGD EKNNILLGSQ 

1101 KDNNLSGSAG DDLLIGGEGN DTLKGSYGAD TYIFSKGHGQ DIVYEDTNND 

1151 NRARDIDTLK FTDVNYAEVK FRRVDNDLML FGYHDTDSVT VKSFYSHVDY 

1201 QFDKLEFADR SITRDELIKA GLHLYGTDGN DDIKDHADWD SILEGGKGND 

1251 ILRGGYGADT YIFSKGHGQD IVYEDTNNDN RARDIDTLKF TDVNYAEVKF 

1301 RRVDNDLMLF GYHDTDSVTI KSFYNHVDYQ FDKLEFADRS ITRDELGKQG 

1351 MALFGTDGDD NINDWGRNSV IDAGAGNDTV NGGNGDDTLI GGKGNDILRG 

1401 GYGADTYIFS KGHGQDIVYE DTNNDNRARD IDTLKFTDVN YAEVKFRRVD 

1451 NDLMLFGYHD TDSVTVKSFY SHVDYQFDKL EFADRSITRD ELIKAGLHLY 

1501 GTDGNDDIKD HADWDSILEG GKGNDILRGG YGADTYIFSK GHGQDIVYED 

1551 TNNDNRARDI DTLKFTDVNY AEVKFRRVDN DLMLFGYHDT DSVTIKSFYN 

1601 HVDYQFDKLE FADRSITRDE LGKQGMALFG TDGDDNINDW GRNSVIDAGA 

1651 GNDTVNGGNG DDTLIGGKGN DILRGGYGAD TYIFSKGHGQ DIVYEDTNND 

1701 NRARDIDTLK FTDINLSELW FSRENNDLII KSLLSEDKVT VQNWYSHQDH 

1751 KIENIRLSNE QTLVSTQVEK MVESMAGFAQ KHGGEISLVS LEEVKQYINS 

1801 LTAAL 
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I.3.  animal experiments 

Table 13:  raw data for challenge experiments with A. pleuropneumoniae serotype 2 
wt, 5fold mutant and 6fold mutant 

reisolation from organ 
samples 

ear tag group 
total 

clinical 
score 

lung 
score 

ELISA 
ApxIIA/ 

detergent 
wash 

lu
ng

, 
pn

eu
m

on
ic
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ng

, i
nt
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t 

ly
m

ph
 n

od
e 

to
ns

il 

2422b 5xΔ 0 1,3 1/1:6400 - - - - 

6426a 5xΔ 0 0 2/1:200 - - - - 

6430b 5xΔ 0 3,2 1/1:1600 + - - - 

6431a 5xΔ 0 6,5 1/ - +++ + + - 

6446b 5xΔ 0 1 1/1:800 + - - - 

6447a 5xΔ 0 3,8 1/1:1600 ++ + + - 

6466c 5xΔ 5 7,7 1/1:3200 +++ ++ + - 

6473a 5xΔ 0 1,3 1/1:100 ++ + + - 

9364b 5xΔ 0 2,9 1/1:3200 + + - - 

6428b 6xΔ 0 0 1/1:800 - - - - 

6462b 6xΔ 0 0,5 1/1:800 +++ - - +++ 

6463b 6xΔ 0 0,3 1/1:400 - - - - 

6466b 6xΔ 0 0,5 1/1:800 - + + - 

6469b 6xΔ 0 0,3 1/1:1600 - - - - 

5055b wild type 2 2,8 28/1:3200 ++ ++ - - 

5097b wild type 2 7,2 14/1:3200 + + + +++ 

6434a wild type 1 2 1/1:800 +++ + - - 

6438b wild type 9 23,4 69/1:12800 ++ + - + 
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reisolation from organ 
samples 

ear tag group 
total 

clinical 
score 

lung 
score 

ELISA 
ApxIIA/ 

detergent 
wash 

lu
ng

, 
pn

eu
m
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6440a wild type 2 11,2 1/1:3200 +++ ++ + + 

6454b wild type 1 8,9 25/1:6400 + + - + 

6455b wild type 3 3,3 8/1:6400 + - + - 

6460a wild type 4 12,6 1/1:400 +++ +++ + - 

6462a wild type 2 7 2/1:100 + ++ + - 

a euthanized 7 days post infection 
b euthanized 21 days post infection 
c euthanized 10 days post infection because of a backhand paresis 
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Table 14:  raw data of the subunit DIVA vaccine experiment with A. 
pleuropneumoniae serotype 2 challenge 

reisolation from organ 
samples 

ear tag group 
total 

clinical 
score 

lung 
score 

ELISA 
ApxIIA/ 

detergent 
wash 

lu
ng

, 
pn

eu
m

on
ic

 

lu
ng

, i
nt

ac
t 

ly
m

ph
 n

od
e 

to
ns

il 

113 vaccinated 0 0 3/1:800 - - - - 

126 a vaccinated 1 1,1 1/1:12800 ++ ++ + - 

147 a vaccinated 0 0 9/1:3200 - + - - 

148 a vaccinated 0 0 14/1:6400 - + + - 

6357 a vaccinated 0 1,2 1/1:3200 +++ + + - 

6396 vaccinated 0 0 1/1:1600 - + + - 

6470 vaccinated 0 0 1/1:1600 - - - - 

6807 vaccinated 0 0 1/1:25600 - + - +++ 

6809 a vaccinated 0 0 2/1:1600 - - - ++ 

6817 vaccinated 0 0 1/1:3200 - + - - 

120 a control 0 7,2 1/1:1600 +++ +++ ++ ++ 

125 a control 0 1,5 1/1:400 ++ + + ++ 

6353 control 1 1 1/1:1600 - - - - 

6360 control 4 9,1 18/1:800 +++ +++ + + 

6382 a control 7 4,2 20/1:800 +++ ++ ++ ++ 

6430 control 0 3,1 3/1:1600 + - - - 

6800 a control 9 15,4 3/1:6400 +++ + ++ ++ 

6802 control 3 4,3 33/1:1600 + + + + 

6812 a control 1 5,5 1/1:800 ++ ++ + ++ 
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reisolation from organ 
samples 

ear tag group 
total 

clinical 
score 

lung 
score 

ELISA 
ApxIIA/ 

detergent 
wash 

lu
ng

, 
pn

eu
m

on
ic

 

lu
ng

, i
nt

ac
t 

ly
m

ph
 n

od
e 

to
ns

il 

6814 c control 0 16 18/1:3200 ++ ++ - - 

146 unchallenged 0 0 1/1:400 0 0 0 0 

6378 unchallenged 0 0 1/1:3200 0 0 0 0 

6389 unchallenged 0 0 1/1:400 0 0 0 0 

6820 unchallenged 0 0 1/1:400 0 0 0 0 

a euthanized 7 days post infection 
b euthanized 21 days post infection 
c euthanized 11 days post infection because of an arthritis 
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Table 15:  raw data of the subunit DIVA vaccine experiment with A. 
pleuropneumoniae serotype 9 challenge 

reisolation from organ 
samples 

ear tag group 
total 

clinical 
score 

lung 
score 

ELISA 
ApxIIA/ 

detergent 
wash 

lu
ng

, 
pn

eu
m

on
ic

 

lu
ng

, i
nt

ac
t 

ly
m

ph
 

no
de

 

to
ns

il 

6829 vaccinated 0 0 1/1:6400 - - - - 

6835 vaccinated 0 0 1/1:800 - - - - 

6844 vaccinated 0 0 1/1:12800 - - - - 

6923 vaccinated 0 0 1/1:1600 - + + - 

6924 vaccinated 0 0 1/1:3200 - - - - 

6926 vaccinated 0 0 1/1:1600 - + - - 

6961 vaccinated 0 0 7/1:3200 - - - - 

6964 vaccinated 0 0 1/1:800 - - - - 

6965 vaccinated 0 0 1/1:400 - - - - 

6966 vaccinated 0 0 2/1:3200 - - - - 

6845 a control 25 28,7 n.d. +++ +++ ++ +++ 

6861 a control 25 24,7 n.d. +++ +++ +++ +++ 

6914 a control 25 22,2 n.d. +++ +++ ++ +++ 

6943 a control 25 26,6 n.d. +++ +++ ++ +++ 

6969 a control 26 23 n.d. +++ +++ +++ +++ 

a died 2 days post infection 
n.d.: not determined 
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Table 16:  raw data of live DIVA vaccine experimtent upon aerosol application and 
subsequent A. pleuropneumoniae serotype 9 challenge 

reisolation from organ 
samples 

ear tag group 
total 

clinical 
score 

lung 
score 

ELISA 
ApxIIA/ 

detergent 
wash 

lu
ng

, 
pn

eu
m

on
ic

 

lu
ng

, i
nt

ac
t 

ly
m

ph
 n

od
e 

to
ns

il 

6841b vaccinated 0 1,6 10/1:1600 ++ + ++ +++ 

6857b vaccinated 0 0 2/1:400 - - + - 

6884b vaccinated 4 5,8 3/1:200 +++ +++ + - 

6904 vaccinated 0 0 4/1:6400 - + - ++ 

6917 vaccinated 11 14,2 42/1:1600 +++ +++ +++ - 

6922 vaccinated 0 0 13/1:800 - - - ++ 

6931 vaccinated 0 0,7 2/- - - - - 

6950 b vaccinated 2 12 3/1:1600 +++ +++ + - 

6962 vaccinated 0 0,7 2/1:3200 - - - - 

6971 vaccinated 4 2,6 25/1:400 +++ - - - 

6826a control 25 27,2 n.d. +++ +++ +++ +++ 

6830a control 25 26,2 n.d. +++ +++ ++ ++ 

6880 control 8 1,8 25/1:400 ++ + - ++ 

6936 control 8 4,1 11/- - - - - 

6960a control 26 21,4 n.d. +++ +++ +++ +++ 

a died 2 days post infection 
b euthanized 7 days post infection 
n.d.: not determined 
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Table 17:  raw data of live DIVA vaccine experimtent upon intramuscular and 
intranasal application  and subsequent A. pleuropneumoniae serotype 7 
challenge 

reisolation from organ 
samples 

ear tag group 
total 

clinical 
score 

lung 
score

ELISA 
ApxIIA/ 

detergent 
wash 

lu
ng

, 
pn

eu
m

on
ic

 

lu
ng

, i
nt

ac
t 

ly
m

ph
 n

od
e 

to
ns

il 

1252 vaccinated i.m. 2 2,9 11/1:6400 ++ + + ++ 

1261a vaccinated i.m. 26 16,4 n.d. +++ +++ ++ +++ 

1268 vaccinated i.m. 2 4,9 37/1:6400 ++ - + + 

1272 vaccinated i.m. 0 0 4/1:1600 - + - - 

6550 vaccinated i.m. 1 1,4 55/1:3200 +++ - ++ - 

6551 vaccinated i.m. 3 9,2 58/1:6400 - - - - 

6558 vaccinated i.m. 0 0 1/1:800 - - - - 

6562 vaccinated i.m. 2 0 27/1:6400 - - - - 

6566 vaccinated i.m. 2 0,8 16/1:800 +++ + + - 

6594 vaccinated i.m. 0 0 2/1:3200 - + - - 

1258 vaccinated i.n. 0 0 1/- - - - - 

1264 vaccinated i.n.. 0 0 1/- - - - - 

1265 vaccinated i.n.. 0 0 1/- - - - - 

1266 vaccinated i.n. 0 0 1/1:100 - - - - 

1269 vaccinated i.n. 0 0 1/- - - - - 

6555 vaccinated i.n. 0 0 1/1:100 - - - - 

6556 vaccinated i.n.. 0 0 1/- - - - - 

6560 vaccinated i.n.. 0 0 3/1:1600 - - - - 

6568 vaccinated i.n. 0 0 2/- - + + - 
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reisolation from organ 
samples 

ear tag group 
total 

clinical 
score 

lung 
score

ELISA 
ApxIIA/ 

detergent 
wash 

lu
ng

, 
pn

eu
m

on
ic
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ng

, i
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t 

ly
m

ph
 n
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e 
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il 

6572 vaccinated i.n. 1 4,8 12/1:800 +++ + + +++ 

9 control 13 11,1 40/1:200 ++ ++ + - 

10 control 5 3,2 41/1:100 - - - - 

11 Control 4 3,8 44/1:100 ++ ++ - - 

12 Control 9 9,3 28/1:400 - + + - 

13 Control 10 7,9 42/1:200 ++ + - ++ 

14a Control 26 27,1 n.d. +++ +++ ++ ++ 

16b Control 6 12,9 n.d. +++ +++ ++ +++ 

a died 2 days post infection 
b died 6 days post infection 
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