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ABSTRACT

IDENTIFICATION OF IN VIVO INDUCED GENES IN ACTINOBACILLUS

PLEUROPNEUMONIAE

By

Troy Eugene Fuller

Actincbacillus pleumpneumoniae (APP) is the causative agent of porcine

pleuropneumonia. a severe and often fatal respiratory disease in swine. In order to

develop effective vaccines and antibiotics, there is a need for a better understanding of

the pathogenesis of APP. The goal of this research was to identify APP genes that are

specifically induced in vivo during infection.

The 4300 bp riboflavin operon (n'bGBAH) of APP serotype 5 was cloned and

sequenced. The biosynthetic functions of these genes were conflnned by sequence

homology with known riboflavin biosynthesis genes, by complementation of known

Escherichia coli riboflavin mutants, by analysis of the plasmid encoded proteins and by

analysis of the recombinant riboflavin product including spectral analysis, mass

spectroscopy and fluorescence. A deletion dismption riboflavin-requiring mutant of a

serotype 1 strain was made by targeted mutagenesis of the riboflavin operon. This

mutant (AP233) is avirulent at a dosage which is 500 times the established wild type

L050. AP233, as a live vaccine, provides a degree of protection against both serotype

1 and serotype 5 strains when administered intramuscularly and supplemented with

enough riboflavin to permit two to three generations of growth in viva.

An IVET (in vivo expression technology) system was constructed for APP that

is able to identify genes that are induced in viva, i.e., during infection, and not in vitro.

An IVET vector was assembled using the plasmid pGZRS-19 containing in sequence

the T4 terminator, a unique BamHl cloning site, promoterless quAB genes from an’o



harveyi and a pramaterless Bacillus subtilis n'bBAH operon. It was demonstrated that

wild type APP contains no native bioluminescence, that the B. subtilis n’bBAH genes

can complement the attenuating riboflavin mutation in AP233 thus restoring virulence

and that the T4 terminator effectively eliminates background expression from the

pGZRS-19 vector. This IVET system was used to identify five in viva induced genes in

APP, two of which were putatively identified as the mrp gene and the secE-nusG

operon. The further identification of in viva induced genes will help us better

understand and control the pathogenesis of APP.
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ACTINOBACILLUS PLEUROPNEUMONIAE

1. Epidemiology and Pathology:

Actinabacillus pleurapneumaniae (APP) is a gram negative, encapsulated,

hemolytic, pleiamarphic rod belonging to the family Pasteurellaceae. APP strains can

be divided into two biatypes based on their nicotinamide adenine dicnucleatide

dependence (biatype 1) or independence (biatype 2). APP is the etiologic agent of

porcine contagious pleurapneumania, a severe and often fatal respiratory disease of

swine (38,112,141). The disease has become a major economic problem in swine-

raising areas throughout the world since its discovery and identification over 30 years

ago (38,67,102,112,119,123,141,142). Pleuropneumonia is typically characterized as

an acute, necrotizing, exudative bronchopneumonia with accompanying hemorrhage,

vascular injury and fibrinous inflammation of the pleural cavity (8,30,38,94,112,141,168).

Increased industrialization of swine farms has led to situations which are conducive to

transmission and infection. Disease outbreaks are frequently associated with stresses

which might depress normal respiratory defenses such as transportation, abrupt climatic

change, overcrowding or poor ventilation (38,112,139,141).

The disease may occur in a number of forms ranging from a peracute phase

which normally results in high morbidity and mortality, to a chronic carrier phase (112).

The disease most commonly effects 3 to 5 month-old pigs even though pigs of all ages

are susceptible. It has been proposed that the gradual loss of maternal toxin-

neutralizing antibodies is the reason that animals at the age of 12 weeks are particularly

vulnerable in an endemically infected herd (20,21). The pathology during the initial

stages of pleurapneumania includes congestion and platelet aggregation, edema, and

neutrophil infiltration, as well as development of multifocal petechial lesions (8,94,168).

Wlth progression, the alveoli, bronchioles, and bronchi become filled with an

inflammatory exudate that contains macrophages, dead and degenerate neutrophils,

fibrin, hemorrhage, and bacteria (112). It has also been suggested that the severity of
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clinical signs may be enhanced by a synergistic co-infection with viral agents, such as

pseudorabies virus (138). This synergism may be due to viral mediated hindrance of

normal physical respiratory defense mechanisms such as mucociliary clearance (111).

2. Virulence Factors:

Several proven and suspected virulence factors of APP include capsular

polysaccharide (CPS), lipopolysaccharide (LPS), extracellular toxins, and surface

proteins (OMPs). These factors may contribute to the ability to survive in viva by

escaping from or neutralizing host defenses.

There are currently 12 recognized serotypes based on CPS, the serotype-

specific antigen of APP. Seratypes 1 and 5 can both be divided further into subtypes A

and B. The composition and structure of the CPS of all 12 serotypes has been

determined (124). CPS does not cause pulmonary lesions when administered

endobronchially (41,68), does not demonstrate toxic activity (39,41,68) and does not

activate the complement cascade (68). The role of CPS is believed to be protection

against specific (bactericidal killing) and nonspecific (phagocytosis) respiratory defense

mechanisms because encapsulated APP strains are resistant to antibody and

complement mediated killing and to phagocytosis by PMNs (68,69,134). The

mechanism for this resistance appears to be inhibition of the binding of C9 and

membrane attack complex to the cells (163). Non-encapsulated mutants of APP

serotypes 1 and 5 have been shown to be at least 10 fold less virulent than their

respective wild type strains (71,130) although this work was done with chemically

mutagenlzed bacteria leading to the possibility of additional unknown attenuating

mutations. The gene cluster involved in the biosynthesis of CPS in APP-5 has been

cloned, and two genes homologous to polysaccharide export genes from other gram

negative bacteria have been identified (164). Further work with genetically defined

mutants has recently been reported to confirm the previous attenuation findings (163).

Anti-CPS antibodies provide serotype-specific protection against severe disease
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symptoms, but they do not prevent colonization or chronic infection (68,69,113,131,132)

suggesting the importance of other virulence factors.

LPS, or endotoxin, is produced by all gram-negative bacteria. As with CPS, the

composition and structure of the O-antigens (the outermost oligosaccharide chain of

LPS) has been determined for all 12 serotypes of APP (124). Structural similarities

between LPS O-side chains of some serotypes may explain many cross reactions in

serotyping. Although serotyping by antigenic differences in CPS is standard, it has been

proposed that APP strains be classified using both LPS (0) and capsule (K)

designations, as is done with other gram-negative bacteria (9,110,124). However, the

creation of additional subtypes using multiple antigens would likely lead to a decreased

reliability in the typing due to antisera variation.

Except for the typical hemorrhagic necrosis, LPS may cause many of the

pathologic lesions in the lungs of swine infected with APP, including inflammatory

edema, neutrophil infiltration, increased capillary permeability, hemorrhage into alveoli,

intravascular platelet aggregation and fibrinous thrombosis (41,154). Death during

acute infection may even be due to septic shock rather than to the pulmonary ventilation

failure associated with extensive lung damage (94). LPS is known to specifically induce

activated complement, production of fibrin and production of pro-inflammatory cytokines

like interieukin 1 and tumor necrosis factor (10,24,105). Administered intratracheally,

LPS can induce lesions ranging from mild interstitial pneumonia to consolidating lobular

pneumonia with inflammatory cell infiltration (41,154). In addition to its role in

inflammatory reactions, smoofl'l LPS plays a role in adherence of APP to porcine

respiratory tract cells, to mucus secretions and to porcine tracheal rings in organ culture

(4,5122). The lipid A-core region also has been shown to bind porcine hemoglobin (3).

Immunization of swine with a J5 strain of E. cali, which produces a non-toxic

LPS, provided a significant reduction in clinical signs and protection from mortality in

experimental infections and field trials; however, it did not prevent APP infection (37,40).
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Possible reasons for this lack of protection from infection might be that antibodies

against LPS may be blocking the ability of complement components to bind to APP cells

(165), the LPS may be too dissimilar, or perhaps it is even partially hidden due to CPS.

Three extracellular RTX (Repeat-ln-Toxin) toxins have been described in APP

and are termed Apxl, II and Ill. An additional cryptic hemolysin, the source of some

confusion, has also been identified. All field isolates of APP produce one or more of

these toxins depending on the serotype (2,85). The genes encoding all three Apx toxins

have been sequenced by multiple laboratories (14-6,43,46,49,79-81,83). Apxl and

Apxlll are encoded by typical RTX toxin operons, consisting of four contiguous genes,

apxCABD (14,43,46,49,79,80,83), encoding respectively the toxin activator, the pro-

toxin and the two products necessary for a single step secretion pathway. The Apxll

operon is truncated, containing only the apxC and apr genes (15,81,96); flierefore,

secretion of Apxll is apparently mediated through Apxl or Apxlll B and D (81,96). RTX

toxins kill eukaryotic cells by forming pores in the cell membrane. Biophysical studies

have recently determined the channel size and channel-fanning activity of all three Apx

toxins (101), and me pore forming activity appears to directly correlate with the activity of

the toxins.

Apxl is a strongly hemolytic and cytolytic toxin produced by serotypes 1, 5a, 5b,

9, 10, and 11 (44,50-2,85). Like other RTX toxins, the Apxl toxin is a pore-fanning toxin

which binds calcium and requires calcium for activity, specifically for binding to target

cells such as erythrocytes and neutrophils (28,49,90,160). Expression of Apxl is

regulated at the transcriptional level by calcium through an unknown mechanism

(46,52,63). Apxll is a weakly hemolytic and weakly cytolytic toxin produced by all APP

serotypes except serotype 10 (45,52,54,85,86,144). The Apxll toxin requires calcium for

binding to target cells, but unlike Apxl its production is not induced by calcium (160).

The cytotoxic and hemolytic domains of this toxin are distinct and separable with the

hemolytic activity being more dependent on activation and secretion than cytotoxic
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activity (103,152). Apxlll requires calcium for binding to porcine neutrophils and is

strongly cytotoxic for porcine alveolar macrophages and neutrophils; however, unlike

Apxl and Apxll it is not able to bind to erythrocytes and is therefore not hemolytic

(85,95,136,160). It is produced by serotypes 2, 3, 4. 6 and 8 (85,95).

In addition to the three Apx toxins, several laboratories have identified an APP

gene encoding a cryptic hemolysin, Hlyx, which is expressed in E. cali but not in APP

(53.76.93). HlyX is homologous to the FNR protein of Escherichia cali, which regulates

several genes involved in anaerobic respiration (60,97,145). It was originally thought

that the HlyX was responsible for the CAMP reaction hemolysis seen with APP, but now

this phenomena has been attributed to the Apx toxins (47,78). There is currently no

evidence that the thX gene is involved in vimlence in A. pieuropneumaniae, and me

reason for its hemolytic activity in E. coli remains to be determined. Perhaps it regulates

the expression of yet another cryptic hemolysin in E. coli.

The APX toxins are perhaps the most studied vlmlence factors in the

pathogenesis of APP. APP culture supematants are toxic in vitro for a wide variety of

porcine cells including erythrocytes. pulmonary macrophages and neutrophils

(7,85,129,160.161). The Apxl and Apxll toxins from serotype 1 have been shown to

stimulate the oxidative metabolism of porcine PMNs at low doses (153). kill PMNs at

higher doses (153), and damage porcine alveolar macrophages (18,147). Likewise, the

Apxll and Apxlll toxins from serotype 2 sfimulate neutrophils and porcine pulmonary

alveolar macrophages at low doses and kill at higher doses (31,33). The activities of

these toxins in viva probably interfere with pulmonary macrophage and neutrophil

function, thereby decreasing effective phagocytosis and killing. This lack of clearance

could then allow the rapid multiplication of bacterial cells leading to acute

pleurapneumania. In addition. damage to phagocytic cells will result in the release of

lysosomal contents and oxygen radicals contributing to massive inflammation and

necrosis.
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Toxin negative mutants of APP have been shown to be avirulent, with the degree

dependent on which toxins are knocked out. in vivo studies using isogenic toxin-

negative mutants conclusively prove that the RTX toxins are critical to the pathogenesis

of APP infection. Even though toxin is critical to the virulence of the organism, toxin

neutralizing antibodies are not sufficient to completely protect against pleurapneumania.

Mutants of APP-1 lacking Apxl and Apxll do not activate or kill porcine neutrophils (82)

and do not cause significant clinical signs or lesions in pigs at a dose that is normally

100% lethal with a wild type APP-1 strain (148). In contrast, APP-1 mutants that can still

produce Apxll but which lack Apxl are still pathogenic, although they are less vimlent

than wild type APP-1 (149). An Apxl-, Apxll- mutant of APP-5 caused neither mortality

nor lung lesions in either mice or pigs, even when tested at 10 times the L050 for the

wild type strain (70). An Apxll- Apxlll- mutant of APP-2 was also attenuated compared

to the wild type strain (23). However. an Apxll- Apxlll+ mutant of APP-2 was still able to

cause pleurapneumania and typical acute lesions in pigs, although the disease in

animals infected with this mutant was less severe than in those infected with the wild

type strain (137). An Apxll- mutant of APP-7 was also attenuated in pigs and could not

colonize the host as well as the wild type strain (58). These results suggest that the

Apxll toxin is critical when it is the only toxin produced.

Outer membrane protein (OMP) profiles of APP strains show three major

common proteins of 38-42 kDa, 29 kDa, and 16—17 kDa, as well as 10-20 minor proteins

(98.108.126.135). The 29 kDa OMP is a heat-modifiable protein which has not been

further characterized (126). The 16-17 kDa OMP was reported initially as a common

gram negative antigen (98), and the gene has recently been cloned, characterized and

named paIA (48). It is predicted to be a 16.2 kDa protein which is homologous in

sequence to the peptidoglycan-associated lipoprotein of E. cali and the Haemophilus

influenzae OMP P6 (48). Amino terminal sequencing of a 40 kDa major OMP from APP

suggests that it is related to a porin protein from Pasteurella mulfacida (64). Our lab has



tested purified OMPs as subunit vaccines; however, vaccination of pigs with a purified

38-42 kDa OMP or with a 48 kDa OMP (AopA) (22) did not provide protection against

APP challenge (106). A 42 kDa OMP expressed by all APP serotypes. which is

homologous to the P2 OMP of H. influenzae. does provide good protection against APP

challenge when used in combination with Apx toxins in a subunit vaccine (158-9).

A common host defense mechanism is the sequestration of iron from the

pathogen. APP responds to conditions of iron-limitation by inserting new OMPs into its

outer membrane including OMPs of 60-65. 76-79, and 99-105 kDa rather than by

production of iron scavenging siderophores. These iron regulated OMPs are expressed

in viva as detected by convalescent sera from infected pigs (26.57.117.128). The

sarkosyl-soluble 60-65 kDa OMP (TfbA) is a transferrin binding outer membrane

lipoprotein homologous to other prll type proteins (57.59). Similar be proteins are

made by all 12 APP serotypes. although there are three antigenically distinct families

(59). The beA protein from APP-7 has been tested in combination with Apxll from APP-

7 as a vaccine, providing significant protection against challenge with APP-7 but not with

APP-1 (133). The gene for the type one transferrin binding protein (tbpl) is located

downstream of fbpll (ffbA) and has recently been cloned and sequenced from serotype

1 (25).

Another sarkosyl-soluble outer membrane lipoprotein (OmlA) which is

recognized by convalescent serum has been cloned from serotypes 1 and 5 (11.56.75).

Soumem blot analysis demonstrated that all APP serotypes contain DNA homologous to

the amlA gene. and immunoblots detected homologous proteins to the serotype 1 OmlA

produced by APP 2. 8, 9, 11. and 12. and to me serotype 5 OmlA in serotype 10.

Vaccination with the recombinant protein provided protection against mortality when

challenged with the homologous serotype but still showed limited protection against

clinical signs and lung lesions. No data on protection against heterologous challenge

has been reported with this lipoprotein.
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There are various other environmental conditions besides iron restriction that

stimulate the production of additional OMPs. For instance, the presence of maltose in

the medium (27) and variation of NAD concentration (120) can induce the production of

unique OMPs in APP. Several of these OMPs are expressed in vivo as detected by

convalescent pig sera. It is unknown whether they have any significant role in

virulence.

Adhesins are important for attaching and localizing the pathogen to invade or to

prevent physical clearance by the mucosal ciliary system. When the normal mucosal

ciliary system is inhibited by atropine or xylocaine. infection rapidly progresses seeming

to implicate adhesion as an important process. APP adheres to porcine tracheal rings,

tracheal epithelial cells, lung tissue, respiratory mucus, and hemoglobin (3,4,6,77,122)

and has been shown to closely associate with alveolar and bronchial epithelial cells in

viva during the initial stages of infection (32). The high molecular weight O antigens of

lipopolysaccharide have been identified as potential adhesins (4,122), while capsule

seems to inhibit adherence (6,77). APP cells freshly isolated from infected pigs have

also been shown to possess fimbriae that were rapidly lost upon subculture (155), but

their role in attachment has yet to be proven.

3. Prevention and Control:

Rapid progress has been made in the basic science of Actinobacillus

pleurapneumaniae (APP) in the past several years, yet APP continues to be a serious

worldwide economic problem in the swine industry. Current methods of treatment are

cosfly as well as fairly ineffective for preventing lung damage. Antibiotics such as

penicillin, ampicillin. chloramphenical and cotrimoxazole are fairIy effective against APP

(112) in the initial phase of the disease before significant tissue damage occurs.

Antibiotic therapy, however. will not eliminate infection in a herd as chronic infections

may persist in abscesses and tonsils of the swine or the onset of pleurapneumania may

be too rapid to treat effectively (112). Increasing consumer concerns for food safety
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also discourage the use of high levels of antibiotics for prophylactic feeding or even

treatment. In addition. the use of antibiotics encourages the development of antibiotic

resistant strains as seen with many different pathogens. Naturally occurring plasmids

have been identified in APP which encode resistance to many of the major antibiotics

currently in use. Although herd management techniques such as early segregated

weaning are gaining in popularity and effectiveness. the risk of a herd to potential

disaster is great because the animals' immune systems may not be primed specifically

or nonspecifically to prevent disease. There is also no difference in the number of days

to market or in the final weights between early segregated weaned animals and those

vaccinated and raised in the conventional manner (34).

It is more cost-effective and practical to focus on prevention rather than

treatment post-infection; however. APP prevenfion is still limited by the lack of effective

vaccines. Current commercial vaccines are killed whole cell vaccines. or bacterins,

which have been shown to induce mainly capsular polysaccharide (CPS) specific

immune responses (113). A serious limitation of these APP bacterins is their inability to

provide protection against heterologous serotypes. Unfortunately, there are no other

available types of vaccines, subunit or live, which are both economical and cross-

protective. Another limitation of the bacterin is its ability to induce mainly systemic

immunity rather than specific secretory mucosal immunity. There are many other

problems that result in vaccine failure. including production of ineffective bacterins

(150), blockage of immune response by passive immunity (151). and the existence of

many serotypes and subtypes of APP (84.116).

Many of the OMPs previously described appear to be common to all serotypes

(98.108.126.135), and several outer membrane vaccines have been tested against APP

(17.35.109.127,150). Several outer membrane vaccines prepared by sarkosyl extraction

of total APP cell membranes have provided significant if not complete protection against

homologous challenge (17,35,127). However, a vaccine which used APP-5 outer
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membranes prepared by sucrose density centrifugation as the antigen provided

complete protection against APP-5 challenge and also reasonable protection against a

heterologous APP-1 challenge (109). This suggests that sarkosyl soluble OMPs. such

as beA (57), OmlA (11.56.75) and our AopA (22), that are present in a sucrose density

gradient preparation, may contribute to cross-protective immunity.

Extracellular toxins should be included in a true cross-protective vaccine.

Several labs have demonstrated that a concentrated cell culture supernatant containing

hemolysin is an effective vaccine (1,35,36,87,118.150). The addition of this hemolysin-

containing supernatant to whole cell bacterins can also improve vaccine efficacy (151).

A purified cytotoxin preparation from APP-1, which likely contained both Apxl and Apxll,

conferred good protection against APP-1 challenge (29). A trivalent vaccine containing

Apxl, Apxlll, and a 42 kDa OMP conferred significant protection against challenge with

both APP-1 and APP-2 (89,158,159). In contrast, a recombinant Apxll from APP-7

provided protection against death following challenge with APP-7, but no cross-

protection against APP-1 (133), likely due to the absence of Apxl in the vaccine

preparation. A vaccine containing the Apxl protein conjugated to CPS and detoxified

LPS from APP-1 provided only minimal protection against APP-1 challenge (12).

Finally, several groups have begun testing avirulent or attenuated strains of APP

as live vaccines (71.121.130.156). While several of these have elicited good protection

and cross-protection (71,121,156), the use of live vaccines in the field is problematic,

particularly when the attenuating lesions in the vaccine strains have not been genetically

defined. Many live-attenuated vaccines have been selected by passage on laboratory

media or by chemical mutagenesis without fully understanding what causes the

attenuation. With undefined attenuating mutations the possibility of reversion to

virulence may be strong especially if the mutations are merely point mutations. The

virulent strain would also likely have a selective advantage over the attenuated strain in

the host. The protection data from these live vaccines do suggest, however, that
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rational development of attenuated strains with carefully defined deletion mutations that

limit growth in vivo and prevent reversion to wild type is a promising approach to

improved APP vaccines.

In contrast to bacterin vaccinated animals, which are protected against infection

with homologous serotypes but not against heterologous serotypes (39. 113, 115. 146).

animals infected either naturally or experimentally with a more virulent form of APP are

also strongly resistant to both homologous and heterologous serotype infection

(19.113.114.116). These reports suggest that there are common antigens expressed

during an infection that result in good cross-protective immunity but that these antigens

are not expressed, masked or are altered in killed whole cell vaccines. Work in our lab

has demonstrated that APP produces antigens which are expressed in viva but not in

vitra under standard culture conditions. It is possible that the absence of these antigens

in whole cell bacterins prepared in vifra results in reduced protection and that their

inclusion in a subunit vaccine would elicit cross-protective immunity against APP. It may

also be possible that a live strain produces immunomodulatory compounds which lead to

a different immune response and better protection.

Two methods currently exist for identifying in viva expressed antigens in APP:

immunological identification and mimicry of host conditions in laboratory media. The

immunological approach involves screening bacteria grown in vivo and in vifra by

Western blot with convalescent pig sera and then comparing the results to identify

antigens that are produced only in viva. Using immunological techniques, our lab has

shown that on SDS-PAGE gels of in viva gram APP whole cell Iysates and outer

membranes there are several bands between 106 kDa and 13 kDa which do not

appear in vitra (106). The other approach has been directed at duplicating host

environmental conditions on laboratory media to identify environmentally regulated

virulence factors that may be important in host-pathogen interaction. Both approaches

have limitations in that immunological screening mainly identifies surface-associated
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antigens and that media mimicry will perhaps never duplicate all of the possible host

conditions. Historically, research has focused on the studies of antigens expressed in

vitra; however, this at best only gives a fractional picture of virulence-associated

characteristics. Increasing attention is being given to the environmentally-stimulated

regulatory mechanisms that modulate bacterial attributes in the host (61,62,104).

Known environmental regulatory signals for bacterial virulence genes include

temperature, osmotic strength. pH, oxygen levels. availability of iron. calcium levels,

carbon sources, urea, growth phase. stress, starvation and availability of other nutrients

such as amino acids (61.62. 104).

Modern molecular genetic tools are rapidly becoming available to identify APP

genes that are specifically expressed in viva during infection of the natural host Some

of mesa genes will likely encode infection-associated antigens. which can then be

cloned. purified, and tested as components of subunit vaccines against APP. In

addition. other in viva expressed genes are likely to encode enzymes for critical

biochemical pathways that could be used for the development of genetically defined,

stable deletion mutants for use as modified live vaccines, and potentially for the

development of antibiotics that target these specific biochemical pathways.

4. Genetics:

Significant advances in genetic studies on A. pleurapneumaniae have been

made within the last few years. While it does not seem to be possible to transform

certain serotypes of APP at high frequency (42,92,106), plasmids can be electroporated

into many serotypes of APP, although generally not into serotype 5 (42.91.92.167).

Several types of native plasmids of APP have been described and assigned to

incompatibility groups (73.74.140.169). Several shuttle vectors that replicate in both

APP and E. coli have been constructed from these naturally occurring plasmids.

Lalonde et al (92) developed several based on an APP Inc H3 plasmid, using the native

APP chloramphenical resistance (CmR) gene. One of the plasmids can be conjugally
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transferred into APP. Frey (42) constructed a set of vectors based on the RSF1010

replicon. with a chloramphenical resistance (CmR) gene derived from Staphylococcus

aureus. West at al (167) have constructed several vectors based on an APP Inc H2

plasmid that contain either the B-lactamase gene from Tn3, under the control of a

putative APP promoter, or the kanamycin resistance gene from Tn903, as well as the

lacZ alpha-complementation region containing a multiple cloning site from pUC18/19.

Hodgson et al have developed vectors which are also able to function in E. coli.

Pasteurella haemolytica and APP (66). In addition. West has constructed a cosmid

vector that works well in APP (166).

Three different systems for construction of chromosomal mutants of APP have

been described. A system for targeted mutagenesis of APP, based on a conditionally

replicating plasmid vector and insertional mutagenesis by homologous recombinafion.

has been described and used to produce hemolysin-negative mutants of APP (82).

While the initial premise of using a temperature sensitive (Ts) replicon in this system

was promising. the Ts-vector does not appear to replicate in APP. and the efficiency of

this system is quite low. Because this system is based on elecfioporation. it will not

function well with APP-5 (82). Mulks and Buysee have recently developed a system for

targeted mutagenesis of APP that utilizes a broad-host range conjugative suicide vector.

pGP704, that functions in both APP-1 and APP-5 (107). This system has been used

successfully to construct knock-out mutants of the aopA gene in APP-1 and APP-5

(107). which fail to express the 48 kDa outer membrane protein. We have also

previously reported its use to construct riboflavin mutants of the ribBAH riboflavin

biosynthetic genes in serotypes 1 and 5 (55). A transposon mutagenesis procedure,

using a mini-Tn10 derivative delivered via a conjugative suicide plasmid, can be used to

produce random mutations in the chromosome of most serotypes of APP (148). This

system has been successfully used to produce both tryptophan auxotrophs and

hemolysin-deficient mutants of APP serotype 1 (82.148).
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GENETIC TECHNOLOGIES FOR THE STUDY OF BACTERIAL PATHOGENESIS

In the search for a more complete understanding of bacterial pathogenesis, new

genetic techniques are emerging which can be used to identify genes that are

expressed specifically during infection and not during growth on standard laboratory

media. These techniques are able to identify a wide variety of gene products that are

infection-associated. These genes may produce important antigens. enzymes that are

necessary for production of critical growth factors not available in viva (e.g., purines),

factors which allow survival within host cells (e.g., enzymes that inactivate phagocytic

killing mechanisms). or toxins that are not produced under standard in vitra conditions

(104). Identification of such in viva expressed genes should lead to further insights into

the pathogenesis of APP disease, to the identification of important antigens for inclusion

in subunit vaccines and to me development of defined avirulent mutants for use as live

vaccines.

Four genetic methods for the analysis of genes involved in the pathogenesis of

bacteria have been described. The first, designated in viva expression technology

(IVET) uses survival in the natural host to identify genes specifically tumed on in viva

during infection (99,143). The second, designated signature-tagged mutagenesis

(STM). uses negative selection with unique transposon mutants to identify mutations

that adversely affect survival in the natural host (65). The third relies on a heritable

genetic change promoted by the induction of me enzyme resolvase. and the fourth is

subtractive hybridization (SH) which identifies differentially expressed genes based on

RNA profiles.

1. In vivo expression technology:

An IVET (in viva expression technology) genetic system has been developed

which allows positive selection of bacterial genes that are specifically expressed during

infection and has been used to identify in viva induced genes in the gram negative
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pathogen Salmonella typhimurium (99.143). The purpose of the system is to use

reporter genes to identify promoters that are tumed on specifically in the host Once

identified. the genes regulated by these promoters can be cloned. sequenced and

studied further. There are five basic requirements for constructing an iVET system.

First, it is necessary to have a biochemical mutant that attenuates growth of the

organism in viva resulting in lack of survival. The second requirement is to have a

promoterless copy of a wild type gene from a different organism that will complement

the attenuating biochemical lesion to restore growth capability when expressed in viva.

Third, it is necessary to have an appropriate vector allowing introduction of the DNA

into the organism. Fourth, a quantifiable promoterless lacZY or similar reporter gene is

needed to monitor in vitra expression. and finally one needs an animal model of

disease.

In Mahan's system. a purA auxotroph of S. typhimurium was used. A delivery

vector was constructed that contained a promoterless copy of a wild type purA gene

fused to a promoterless lacZY gene, which encodes the enzyme p-galactosidase, using

a broad host range suicide vector. Next, random fragments of the S. fyphimurium

genome were inserted upstream of the purA gene. creating transcriptional fusions that

would allow any properly positioned S. fyphimurium promoters to drive expression of

the purA:lacZY fusion. The entire library of transcriptional fusions was introduced into

the S. Iyphimurium purA auxotroph, and recombinants which contained the

transcriptional fusion integrated by a single crossover event into the bacterial

chromosome at the site homologous to the genomic fragment upstream of the purA

gene were selected. Thus, the integration event generated strains where the native

chromosomal promoter would drive expression of the purA-lacZY genes, while the

cloned promoter would drive expression of the chromosomal gene at the site of

integration. This assures that there would be no disruption of chromosomal genes and

no loss of expression of any potential virulence factors. The pool of S. fyphimurium
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strains containing integrated purA-lacZY fusions was injected into mice, and surviving

bacteria recovered 3 days later from the mouse spleens. The environmental conditions

in the host induced transcription from infection-induced promoters, thus expressing the

wild type biochemical gene and relieving the attenuation. Only strains which contained

a transcriptional fusion that expressed the purA gene in viva should have survived. All

recovered strains isolated from the infected mice were screened in vitra for expression

of the lacZY gene. Strains which survived in mice, but which minimally expressed ji-

galactosidase activity in vitra. contained promoters that were turned on in viva and off in

vitra. From the strains identified, the in viva expressed (ivr) genes were cloned and

knock-out mutants of three different 8. Iyphimurium ivi genes (carAB, pheST-himA, rfb)

have been shown to be attenuated inimice (99).

A similar system to identify in viva expressed genes has been developed for use

in the intracellular pathogen Legionella pneumaphila. using an avirulent fhyA mutant, an

independently replicating plasmid. and infection of a macrophage cell culture rather than

an intact host (72,125). Other IVET selection methods for in viva expressed promoters,

in addition to complementation of defined biochemical mutants, have been developed

for use in other bacteria. One form of selection involves the use of a promoteriess

antibiotic-resistance cassettes, such as chloramphenical acetyltransferase (100).

Cloned promoters are selected for expression during infection by administering the

antibiotic and isolating surviving bacteria. These antibiotic selections appear to function

best in tissue culture or small animals rather than in whole animal models because of

the difficult phannacokinetics. Finally, a modified IVET system has been developed for

use with Pseudomonas aeruginosa consisting of an avirulent purEK mutant. plasmid

pBR322, a promoterless purEK operon and a mouse model of infection (162). One

major limitation to IVET type selections is the necessity for a high enough level of

expression during the entire infection process to reisolate the organism containing an in

viva expressed promoter.
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2. Signature-tagged mutagenesis (STM):

This system overcomes the problem of an auxotrophic or antibiotic based IVET

system because genes do not have to be expressed during the entire infection process

to be reisolated. In this system, transposons carrying unique DNA sequence tags are

used to create a collection of mutants by insertional mutagenesis (65). The pool of

mutants is used to infect a host animal. and surviving bacteria are recovered from the

infected host after several days. Using the unique DNA sequence tags and appropriate

PCR primers. probes can be created for colony blot hybridization. It is then possible to

identify which specific members of the original mutant pool are absent upon recovery of

bacteria from the host. These mutants should carry mutations in genes necessary for

survival in the host When this system was tested with Salmonella typhimurium, almost

half of the mutations identified were in genes known to be involved in the virulence of

this organism. The STM system has the power to identify genes that may be turned on

only transiently. However, the STM system is at this time not applicable to A.

pleurapneumaniae, since the transposon (Tn5) used as the basis for the system does

not function in APP. Additional problems may also exist with the use of this system in

larger animals. If the entire population of surviving clones is not reisolated due to the

large size of the lungs or other organs, then mutants will be falsely identified as not

being able to survive. A certain subset of vimlence genes (e.g. toxins) will likely not be

identified because other clones in the pool will express them and the transposon mutant

will be able to replicate normally even though it is not able to express these genes.

3. Resalvase based IVET:

An extremely promising selection system uses in viva induction of fnpR

resolvase. a site-specific recombinase of the transposable element 16 to induce a

heritable, detectable genetic change. In this construct, expression of resolvase. even

for a very brief period, results in excision of a tetracycline resistance cassette flanked by
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direct repeats of the DNA sequence at which the resolvase functions (13). Any bacterial

cell in which the resolvase is expressed will give rise to progeny that are tetracycline-

sensitive. This selection system has the power to identify promoters that are only

transiently expressed in viva because all strains survive whether the cloned promoter is

not turned on, turned on transiently, or turned on constitutively during infection. It has

not yet been demonstrated whether this system would be functional in APP. but if so it

would potentially be the most sensitive and least technical method to identify in viva

expressed genes. One limitation, as the system is currently designed. is the reliance on

screening for the loss of antibiotic resistance after in viva passage. A second limitation

is the sensitivity of the system; it can be too sensitive yielding a high level of background

with the false identification of genes being tumed on. Finally, all promoters turned on in

viva will be identified, not just those that are in viva specific; thus, pro-screening of the

pools is required to eliminate in vitra-expressed clones. As a result, this system will

likely not identify genes that are minimally to moderately expressed in vitro and induced

in viva.

4. Subtractive hybridization:

Subtractive hybridization is based on identifying differences in RNA transcripts

(157) between bacteria isolated from an infected animal and bacteria grown in the

laboratory. One limitation on this type of procedure is the technical difficulty in isolation

and manipulation of bacterial RNA to obtain a cDNA clone. Another limitation is that

subtractive hybridization results may change dramatically depending on the stage of

infection at which bacteria are isolated therefore an impractical number of animals may

be needed in order to truly identify all genes involved in pathogenesis. Also, this

technique will tend to identify ”all or none” expressed genes rather than in viva induced

genes which have some level of constitutive expression.

The choice of these systems for applications in different organisms will vary with

the genetic tools that are functional in the organism and perhaps with the type of animal



20

used. Each system has advantages and disadvantages. but as a whole they provide

tools that will revolutionize the study of pathogenesis. In previous IVET studies in

Salmonella typhimurium (100,143). approximately 5% of the bacteria recovered from

infected animals had cloned promoters that were turned on in viva and turned off in

vitro, indicating that they were expressed specifically during infection. Many of the

genes identified as having promoters specifically turned on in vivo or as being required

for survival in viva (13.65.99.162) have been genes involved in the biosynthesis of

purines. pyrimidines, and essential amino acids, such as part), pyrE, and carAB, while

others have been genes known to encode virulence factors. such as invA. invG, sva.

fadB. and virB or even transcriptional regulators such as Fur. These infection

associated genes can be divided into four different classes of in viva expressed genes:

1) enzymes in critical biochemical pathways; 2) known virulence factors. or genes

involved in the synthesis of such factors, such as genes for LPS

biosynthesis/modification; 3) new genes, not identifiable by comparison with known

sequence data; and 4) genes involved in transcriptional regulation or signal

transduction. In viva-expressed genes that can be identified as steps in critical

biochemical pathways, such as purine biosynthesis. may be candidates for production of

knock-out mutants and testing as live avirulent vaccines. Any of the genes identified by

homology with virulence genes of other pathogens are likely to be of extreme interest for

antibiotic and vaccine development. and further work with the unidentifiable genes will

open up new horizons and lead to a better understanding of pathogenesis.
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ABSTRACT

Four genes encoding enzymes involved in riboflavin biosynthesis have been

cloned from Actinobacillus pleurapneumaniae (APP) serotype 5. These genes, which

are encoded on a single 5.0 kb Hinalll DNA fragment and are expressed from the

endogenous APP promoter in E. cali DH5a, specify the production of large amounts of

a bright yellow, water-soluble, fluorescent compound identified as riboflavin by mass

spectroscopy and characteristic absorbance spectra. Nucleotide sequence analysis of

the cloned DNA demonstrated four open reading flames of 1232, 647. 1205. and 461

bps. Based on homology with the riboflavin biosynthetic operon of Bacillus subtilis.

these ORFs were designated ribG. ribB, ribA, and rin. Predicted amino acid

sequences showed strong homology with related enzymes from B. subtilis and E. cali,

and suggested that the APP ribGBAH genes encode, respectively. a rib-specific

deaminase, the a-subunit of riboflavin synthase, a bifunctional enzyme containing

GTP cyclohydrase and 3,4-dihydroxy 2-butanone 4-phosphate synthase (DHBP)

activities, and the p-subunit of riboflavin synthase. Minicell analysis and SDS-PAGE

demonstrated bands of comparable molecular weights to those predicted from the

sequence. The cloned APP genes were able to complement mutants of E. cali

deficient in GTP cyclohydrase ll (RibA), 3,4-DHBP synthase (RibB) and riboflavin

synthase (RibC) activities. The APP genes were expressed canstitutively in E. coli.

presumably due to the lack of a cloned trans-acting repressor such as a homologue to

the B. subtilis ribC gene product. Further analysis of the APP rib operon and its

regulation should yield interesting information on APP genetics and on the role of

riboflavin biosynthesis in the pathogenesis of infections caused by this organism.
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INTRODUCTION

Actinobacillus pleurapneumaniae (APP) is the causative agent of porcine

pleurapneumania (9.23.39). The disease is characteristically an acute necrotizing

hemorrhagic bronchopneumonia. with accompanying fibrinous pleuritis (9,39).

Pleuropneumonia is an economically devastating, severe and often fatal disease with

clinical courses ranging from peracute to chronic infection (9.14). The existence of at

least twelve antigenically distinct capsular serotypes (31) has made development of a

cross-protective vaccine difficult. Killed whole cell bacterins provide at best serotype-

specific protection (25.26.35.43). In contrast, natural or experimental infection with

virulent APP frequently elicits protection against reinfection with any serotype

(24.25.27). Avirulent strains of APP have been tested as live vaccines and have

elicited cross-protective immunity against subsequent challenge (15.28.44). However,

the use of live vaccines in the field is problematic, particularly when the attenuating

lesions in the vaccine strain have not been genetically defined. Development of

attenuated strains with defined biochemical mutations that limit growth in viva and

prevent reversion to wild type is a promising approach to improved vaccines against

APP infection.

Riboflavin (vitamin 82). a precursor of the coenzymes flavin adenine

dinucleotide (FAD) and flavin mononucleotide (FMN), is essential for basic metabolism.

It Is synthesized by plants and by most microorganisms but not by higher animals (1).

Many pathogenic bacteria are apparently unable to utilize flavins from their environment

and are entirely dependent an endogenous production of riboflavin (38). Therefore.

riboflavin biosynthesis may be essential for survival of pathogens in vivo. and mutations

in the riboflavin biosynthetic pathway may be attenuating.

The proposed metabolic pathway for bacterial riboflavin synthesis shown in

Figure 2.1 begins with guanosine triphosphate (GTP ) as the precursor (for a review
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Figure 2.1 - Proposed Bacterial Riboflavin Biasynthesis Pathway. Proposed gene

functions are as indicated although the functions of ribG and ribT have not been

determined conclusively. Structures correspond to the following: I, GTP; II, 2.5-

diamino-6-(ribosylamino)-4(3H)-pyrimidinone 5'-phosphate; Ill. 5-amino-6-

(ribosylamino)-2,4(1H,3H)-pyrimidinedione 5'-phosphate; IV. 5-amino-6-(ribitylamino)-

2.4(1H,3H)-pyrimidinedione 5‘-phosphate; V, 5-amino-6-(ribitylamino)-2.4(1H,3H)—

pyrimidinedione; Vl. ribulose 5'-phosphate; VII, 3.4-dihydroxy-2-butanone 4-

phosphate; Vlll, 6.7-dimethyl-8-ribityllumazine; IX. riboflavin. Structures are adapted

from Bacher (1).

 





41

see reference 1). The most extensively studied system for bacterial riboflavin synthesis

is Bacillus subtilis (for a review see reference 29). The B. subtilis riboflavin synthesis

genes are located and co-regulated in an operon structure (12) that consists of five

open reading frames designated as ribG, rib 8. 11b A, rin and n'bT (19,29). The

ribGBAHT genes encode. respectively, a rib-specific deaminase; the a-subunit of

riboflavin synthase (lumazine synthase); a bifunctional enzyme containing GTP

cyclohydrase and 3.4-dihydroxy 2-butanone 4-phosphate synthase (DHBP) activities;

the p-subunit of riboflavin synthase; and a rib-specific reductase (29). The complete

sequence of the B. subtilis riboflavin operon has been determined in two individual

laboratories (19.30). The B. subtilis structural ribGBAHT genes code for predicted

proteins of 361 (MW 39.700), 215 (MW 23.600), 398 (MW 43,800). 154 (MW 16,900),

and 124 (MW 13.600) amino acids in length (19. 29). Two functional promoters have

been identified in the B. subtilis n’b operon. The main promoter, P1. for which a

transcriptional start site has been determined 294 bps upstream of ribG (12,30). is

responsible for transcription of all five structural genes (12). Another promoter, P2,

produces a secondary transcript encoding the last three genes of the operon, n'bAHT

(12). A possible third promoter has been postulated that would express rin (7). In

addition, the operon has been shown to be transcriptionally coregulated (30) by a trans-

acting repressor, RibC (3,6). which acts at a regulatory site, n’bO (3.20), upstream of

ribG, apparently by a transcription tennination-antitermination mechanism (29). The

RibC repressor appears to respond to FMN and FAD. as well as to riboflavin and

several of its biosynthetic intermediates, and regulates expression from both ribP1 and

ribP2 (4.20.29).

E. coli is the second most chemically characterized system for riboflavin

synthesis. In contrast to B. subtilis, the rib genes of E. cali are scattered around the

chromosome and are expressed constitutively (2,46). Rather than having a bifunctional

ribA, E. cali has two separate genes, ribB and n’bA. that encode the functions of 3.4-
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DHBP synthase (34) and GTP cyclohydrase II (33), respectively. ribB is homologous to

the 5' end of B. subfilis ribA while n‘bA is homologous to the 3' and (33.34). E. cali

genes with sequence homology to the B. subtilis ribG (42), rin (42), and ribB genes

have also been identified.

In this study, we have identified a fragment of APP serotype 5 chromosomal

DNA that triggers overproduction of riboflavin when cloned in E. coli. Nucleotide

sequence analysis demonstrated four open reading frames with significant identity and

a similar operon arrangement to the ribGBAH genes from Bacillus subfilis.
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MATERIALS AND METHODS

Bacterial strains and media. A. pleurapneumaniae lSU178, a serotype 5

strain. was cultured at 37°C in brain heart infusion broth or agar (Difco Laboratories,

Detroit, MI) containing 10 [la/"II B-NAD (Sigma Chemical Company. St Louis, MO). E.

cali DH5—a (supE44, AlacU169, (e80lacZAM15), hst17, recAf. endA 1. gyrA96, thi-1,

reIA 1) was used for construction of the APP genomic library. E. cali strain DS410 (azi-

8, tonA2, minA 1, minB2, rpsL135. xyl-7, mil-2. thi-1, t-) was used for minicell isolation

and protein labeling experiments. E. coli ribA:Tn5 (BSV18), n'szTn5 (BSV11) and

ribC:Tn5 (BSV13) mutants used for complementation studies were described by

Bandrin et al (2) and were kindly provided by Barbara Bachmann (E. cali Genetic Stock

Center, Yale University). E. cali strains were cultured in Luria-Bertani medium or in

M9 (36) supplemented with 15 gIL NZ amine (Sigma) and with riboflavin at 200 uglmL

when necessary. Ampicillin was added to 100 pg/ml for plasmid selection.

DNA manipulations. DNA modifying enzymes were supplied by Boehringer-

Mannheim Biochemicals (lndianapolis, IN) and used according to manufacturer's

specifications. Genomic and plasmid DNA preparations, gel electrophoresis, and E.

coli transformation were all performed by conventional methods (36).

Cloning and sequencing. APP serotype 5 genomic DNA was digested with

Hindlll and fragments ranging in size from 4 to 7 kb were ligated into the Hindlll site in

the polyllnker of the plasmid vector pUC19 (45). A recombinant plasmid, designated

pTF10, which overproduced riboflavin was isolated from this library. Unidirectional

nested deletions were constructed with exonuclease Ill and S1 nuclease digestion,

using the Erase-a base system (Promega Corp., Madison. WI). Nucleotide sequencing

was performed on alkali-denatured double-stranded DNA by the dideoxy chain-

tennination method of Sanger et al. (37) using the Sequenase 2.0 kit (U.S.

Biochemical, Cleveland, OH) and [35S]dATP (Amersham Corp., Arlington Heights. IL).

Sequencing primers used included universal forward and reverse primers for pUC
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sequencing (U.S. Biochemicals), as well as several oligonucleotide primers designed

from previously obtained sequence data. These internal primers were synthesized by

the Michigan State University Macromolecular Structure Facility and included MM4 (5'-

AAT-CCG-GCA-AAA-ATT-GAA-GGC-a'). MM5 (5'-GCA-CCG-TGA-CGC-ACT-AAC-G-

3'). MM6 (5'-GCG-CCA-ATA-C‘l'l'-GCT-CAC-CG-3'). MM9 (5'-GGT-T'l'C-TTT-A‘IT-

CGT-ATG-CGG-3'). MM10 (5'-TGA-AGA-AGT-CGG-CAA—A'l'T-GCT-C-3‘). MM11 (5'-

CGG-ATT-GGG-A‘I'T-CGT-CCA-GCC-S'). MM13 (5'-GGC-GAC-ACG-ATl’-GCG-GTG-

3'), MM14 (5'-GCC-AGT-TAG-TGC-AGA-CAG-CG-3'). and MM38 (5'-CTC-ACC-GGT-

TCC-TGC-CAA-ACC-3').

DNA sequences were analyzed using the GCG sequence analysis programs

(1 1).

Mass spectroscopy. Positive and Negative Ion Fast Atom Bombardment (FAB)

mass spectroscopy was performed at the Michigan State University Mass Spectroscopy

Facility.

Quantification of riboflavin. Bacterial cells were pelleted in a microfuge, and

the absorbance at 445 nm of the culture supernatant was measured using a Beckman

DU-7 spectrophotometer (Beckman Instruments, Fullerton, CA). The absorbance at

445 nm was multiplied by a factor of 31.3 to yield the riboflavin concentration in mglliter

(1a).

Minicell Analysis. The minicell-producing E. coli strain DS410 (32) was

transformed by calcium chloride/heat shock treatment with pUC19 or pTF rib clones.

Transforrnant colonies which produced a large number of minicells were selected by

microscopy. Cultures were grown overnight at 37°C in 500 ml LB broth, and minicells

were isolated by differential centrifugation followed by glass fiber filtration as described

by Christen et al (8). Minicells were resuspended to an 00590 of 0.5-1.0 in 200 pl

labeling mix (22.0 ml M9 media. 20.0 ml 50 mM HEPES pH 7.5, 2.5 ml of 20% glucose,

0.05 ml of 10 mg/ml adenine. 0.05 ml of 10 mg/ml pyridoxine, 5.0 ml of NEDA amino
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acid stock (21) lacking methionine and cysteine, and 0.2 ml of 10 mg/ml cycloserine-D)

and incubated at 37°C for 30 minutes. Trans-label ([3581methionine plus

[35S]cysteine, ICN Biomedicals, Irvine, CA) was added to a final concentration of 22 u.

Ci per reaction and cells were incubated at 37°C for1 hour. Total and TCA precipitable

counts were measured by liquid scintillation counting to determine amount of

incorporation. Cells were pelleted in a microfuge and washed with cold HEPES (50

mM, pH7.5) plus 10 mM methionine plus 10 mM cysteine. Labeled proteins (50.000

cpm/lane) were separated by discontinuous SDS-PAGE on a 12% polyacrylamide gel

and were visualized by autoradiography on Kodak XAR-5 film.

Nucleotide sequence accession number. The nucleotide sequence of the A.

pleurapneumaniae ribGBAH genes has been submitted to GenBank and assigned an

accession number of: U27202.
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RESULTS

Identification of a riboflavin producing alone. A genomic library of A.

pleurapneumaniae serotype 5 DNA was constructed in pUC19 and transformed into E.

coil DH5-a. A single clone, designated pTF10 (Figure 2.2), containing a 5.0 kb insert,

was identified that produced a bright yellow extracellular, water-soluble compound that

fluoresced under ultraviolet light. The compound was crudely purified by filtration

through a 3000 Da cut off membrane filter (Amicon Corporation. Bedford, MA).

Absorbance spectra of this compound in aqueous solution under neutral conditions

showed absorbance peaks at 373 and 443 nm, which coalesced to a single peak at

388 nm under acidic conditions; these results compared well to a riboflavin standard

(Figure 2.3). Positive and negative ion fast atom bombardment mass spectroscopy

indicated that the compound was a flavin (data not shown). Culture of E. cali DH5-a/

pTF10 in M9 medium plus NZ-amine plus 0.6% glucose yielded 10 mg riboflavin per

liter in 24 hours.

Sequence of APP rib genes. The nucleotide sequence and corresponding

predicted amino acid sequence of a 4312 bp region of the insert in pTF10 is shown in

Figure 2.4. Four open reading frames of 1232. 647, 1205. and 461 bp were observed

that encoded proteins with predicted molecular masses of 45,438 Da. 23,403 Da,

44,739 Da and 16,042 Da. respectively. Based on homology with the riboflavin

biosynthetic genes of B. subtilis (Table 2.1). these ORFs were designated ribG, ribB,

n’bA. and rin, respectively. All four ORFs were preceded by potential ribosome

binding sites (RBS), although the RBS upstream of ribG is not as strong as the other

three. Production of riboflavin by this clone is not dependent on its orientation in

pUC19 or on induction by IPTG, indicating that it is produced under the control of a

native promoter included in the cloned DNA fragment A consensus promoter

sequence of the -35I-10 type (12) was identified within the sequenced region 224 bp

upstream from the n'bG start codon. A second potential consensus promoter was
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Figure 2.2 - Physical Map of the Construct pTF10.
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Riboflavin and Recombinant Riboflavin
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Figure 2.3 - Spectral Analysis of Riboflavin and Recombinant Riboflavin.
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Figure 2.4 - Complete Nucleotide Sequence of APP ribGBAH Genes and Flanking

Regions. The amino acid translations are shown for ribG, ribB. ribA, and rin and

correspond to base pairs 330-1560, 1685-2330. 2393-3596 and 3709-4168. Putative

ribosome binding sites are underlined. Potential promoters for the operon and for rin

are double-underlined. An inverted repeat that may function as a transcription

terminator is overlined.
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A. D N P M L N

TGCCGATAACCCGATGTTAA

C D S Q L R T

CTGCGATAGCCAATTACGTA

R T V I .A T V

TCGCACCGTAATTGCAACCG



1201

1261

1321

1381

1441

1501

1561

1621

1681

1741

1801

1861

1921

1981

2041

2101

2161

2221

2281

2341

S D D L Q K

TTAGTGACGATTTGCAAAAA

K A R N K R

GTAAAGCACGAAACAAGCGG

I D S L L L

AGATCGACAGCCTCTTATTG

I V N R V’ R

GTATCGTGAATCGAGTACAT

T P I G G E

AAACCCCAATCGGCGGTGAG

S T E L I G

AATCGACCGAACTCATCGGC

AGCAAAGAGGGGTCGGGGGA

GGCGTTGTTAAATCTCCCCT

M F T G I I

TTATATGTTCACAGGTATTA

E F .A V V T I

CGAATTTGCGGTAGTCACAA

T I A. V N G V

CACGATTGCGGTGAACGGCG

A. D V M S E T

CGCCGATGTAATGTCGGAAA

P V N L E R .A

TCCGGTTAATTTAGAACGCG

G H I D G T G

GGGGCATATTGACGGCACCG

Y R I K T S P

GTATCGCATTAAAACCTCTC

I D G I S L T

CATTGACGGTATTAGCCTGA

I P H T I K E

TATTCCGCATACGATTAAAG

L E N D I V G

TTTAGAAAATGATATTGTCG

E P K S N L S

TGAGCCGAAAAGTAATCTTA

GGACACACTGAGTGTATCCT
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I E Q F R P L

ATTGAACAATTTAGACCGCT

V D L Q D L L

GTAGATTTGCAAGATCTTTT

E G G S S L N

GAAGGCGGTTCAAGTTTGAA

C Y I .A P K L

TGTTATATTGCGCCTAAATT

G I Q Q I D Q

GGAATTCAACAAATCGACCA

E D I L L D Y

GAAGATATTTTGTTGGATTA

GATTTGAGATAATGTTGAAA

AACCCCTCTTTACAAAAGAG

E E V G K I

TTGAAGAAGTCGGCAAAATT

N A. T K V L

TTAATGCGACCAAAGTATTA

C L T V T S

TATGTTTAACCGTAACTTCT

L K R T S L

CGTTAAAACGTACTTCATTA

M .A .A N G R

CGATGGCGGCAAACGGACGT

E I A. E I T

GCGAAATTGCGGAAATCACA

K L M R Y I

CAAAATTAATGCGTTATATT

V ‘V D T D D

CCGTAGTCGATACCGATGAT

T N L G S K

AAACCAATTTAGGTTCGAAA

K Y I E Q F

GTAAATATATCGAACAGTTT

L D F L K Q

GTTTAGACTTTTTAAAGCAG

ACCGACAAAAATATATATTT

G V' D V L V C

TGGCGTAGATGTATTAGTGT

Q K L G E M Q

GCAAAAGCTCGGTGAAATGC

F S .A L E S G

TTTCAGTGCGTTAGAAAGCG

V G G K Q .A K

AGTCGGTGGTAAACAAGCGA

.A V K L K L K

AGCGGTTAAATTAAAATTGA

V 'V I S P L *

TGTAGTCATCTCCCCTCTTT

TTTACACCGCCTTTCACTTT

AGGGATCAATAATGAGGAAA

A. Q I H K Q G

GCTCAAATTCATAAGCAAGG

Q D V H L G D

CAAGACGTTCATTTAGGCGA

F S S N Q F T

TTTTCGAGTAATCAGTTTAC

G E L K S N S

GGCGAATTAAAGTCGAATAG

F G G H I ‘V S

TTCGGCGGACACATCGTTTC

P .A H N S T W

CCGGCACATAATTCGACATG

I E K G S I T

ATTGAGAAAGGTTCGATCAC

E S F R V S I

GAAAGTTTCCGTGTATCGAT

K I G S I V' N

AAAATCGGCAGTATTGTCAA

L L K K P .A D

TTACTGAAAAAGCCGGCGGA

A G F *

GCGGGATTTTAAGATTTGTA

M T D

TAGGAAAAGAAGATGACAGA



2401

2461

2521

2581

2641

2701

2761

2821

2881

2941

3001

3061

3121

3181

3241

3301

3361

3421

3481

F Q F S K V E

TTTCCAATTTTCAAAAGTAG

V T D D E D R

AGTGACTGACGATGAAGATC

T P E N I N F

CACACCGGAAAATATCAATT

S T E I A K K

TTCAACCGAAATCGCTAAAA

H E T A. F T V

TCATGAAACGGCGTTTACCG

F E R S I T A

TTTTGAGCGTTCGATTACCG

R R P G H M F

CCGCCGCCCGGGGCATATGT

G H T E A. T V

CGGTCATACCGAAGCAACAG

C C E I M .A D

ATGTTGTGAAATTATGGCGG

.A V E H N M P

TGCGGTAGAACACAATATGC

H D S L V K Q

GCATGACAGCTTGGTGAAAC

M .A H S F V E

TATGGCACATAGCTTTGTTG

D L T D G E Q

CGATTTAACCGACGGTGAGC

A F G S Q R C

CGCTTTCGGTTCTCAACGTT

E Q E G R G V

TGAGCAAGAGGGCAGAGGTG

I N K L R A Y

AATCAATAAGCTACGTGCTT

V .A L G F K E

CGTCGCTTTAGGATTTAAAG

Q L G ‘V K S I

GCAGTTAGGCGTAAAATCGA

K E Q G L N I

AAAAGAGCAAGGATTAAATA

52

D A I E A I

AAGATGCGATCGAAGCGATT

E N E G D F

GCGAAAACGAAGGCGATTTT

M A T Y G K

TTATGGCAACTTACGGCAAA

L N F H P M

AATTAAATTTCCATCCGATG

S V D H I D

TATCGGTGGATCATATTGAT

M K I V D D

CAATGAAAATTGTCGATGAT

P L I A. K E

TTCCGTTAATCGCTAAAGAA

D L .A R L .A

TGGATTTAGCTCGTTTAGCC

D G T M M T

ATGACGGCACGATGATGACT

F I T I Q Q

CGTTTATCACGATTCAACAA

I S V"V K M

AAATTTCTGTGGTAAAAATG

V I S G K E

AAGTGATTTCAGGTAAAGAA

V L .A R I H

AAGTATTGGCGCGTATCCAT

D C G Q Q F

GTGATTGCGGTCAGCAATTT

I L Y L R Q

TGATTCTGTATTTACGCCAA

E L Q D K G

ACGAACTACAAGATAAAGGG

D E R E Y Y

AAGACGAACGTGAGTACTAT

R L L T N N

TCCGTTTATTAACCAATAAT

V .A R E P I

TCGTTGCACGTGAGCCGATT

R Q G K I I L

CGACAAGGCAAAATCATTTT

I C A..A E F .A

ATCTGTGCGGCGGAATTTGC

G L I C T P I

GGTTTGATTTGTACGCCGNT

V .A V' N Q D N

GTTGCGGTCAATCAAGATAA

T G T G I S .A

ACGGGAACGGGTATCTCAGC

N A. K .A T D F

AATGCTAAAGCAACGGATTT

G G V L V' R N

GGTGGAGTGTTAGTGCGTAA

G L K H .A G L

GGTTTAAAACACGCCGGTTT

M P D L Q K F

ATGCCGGATCTACAAAAATT

L Q E Y R R K

TTACAAGAATATCGCCGTAA

P T K Y G E F

CCGACAAAATACGGTGAGTT

H V .A L V K G

CACGTTGCGTTAGTCAAAGG

S E C L T G D

TCGGAATGTTTAACCGGTGA

A. A. A. M T Q I

GCCGCAGCAATGACCCAAAT

E G R G I G L

GAAGGTCGTGGTATCGGTTT

M D T V E .A N

ATGGATACCGTTGAAGCGAA

I G .A Q M F Q

ATCGGTGCACAAATGTTCCA

P A. K I E G L

CCGGCAAAAATTGAAGGCTT

I V E P N K N

ATTGTAGAACCGAACAAAAA



3541

3601

3661

3721

3781

3841

3901

3961

4021

4081

4141

4201

4261

D I D Y L K V

TGACATTGATTACCTAAAAG

TTAACAACCGTATGTAGTAT

-10

53

K Q I K M G

TCAAACAGATAAAAATGGGG

TAGGGAAGCAAGCGTTGCGT

H M F N F *

CATATGTTTAACTTCTAACT

-35

CCCTACTATAGAATGATACA

M .A K I

AGCGGTCACTTTTTTATAAA.ATTTTGCATATTTCGAGAGG ACAAAAAAATGGCAAAGATT

T G N L V .A T

ACAGGTAACTTAGTTGCGAC

F I N D K L L

TTTATCAACGATAAATTATT

E N D I D T A

GAAAACGATATTGATACGGC

K M A. N S G K

AAAATGGCAAACAGCGGTAA

S T T H Y D Y

TCGACAACTCACTATGATTA

L E T G V P V

TTAGAAACCGGCGTACCGGT

I E R .A G T K

G L K F G I V

AGGTTTAAAATTCGGTATTG

S G A. I D T L

AAGCGGTGCAATTGATACGT

W V P G .A F E

ATGGGTTCCGGGTGCATTTG

Y D A. V I C L

ATATGATGCGGTAATCTGTT

V C N E A. A. K

CGTATGTAATGAAGCGGCAA

I F G V L T T

AATTTTCGGTGTATTAACCA

A G N K G S E

T A. R F N D

TAACCGCACGTTTCAACGAT

V R H G .A Y

TAGTGCGTCACGGTGCGTAT

I P L V'.A K

AGATTCCATTAGTTGCGAAA

G T V I R G

TAGGTACGGTAATTCGCGGT

G I G .A V .A

AAGGTATCGGTGCGGTAGCA

E N I E Q A

CAGAAAATATTGAACAGGCG

C A. L G .A I

ATTGAACGCGCGGGTACTAA.AGCAGGTAATAAAGGTTCAG AATGTGCATTAGGCGCAATC

E I V N ‘V L K A I *

GAAATAGTAAACGTATTAAA.AGCGATCTAATTTTCGTTTG.ACGTGCTAAAAACAAGCGGT

 

CGTTTTTGACTGGAATTTTG

.AGTAAAGACCTTCTTTCTCG

 

CAAATTTCCCGTTAAAAACG

TACCAGATTTTGTTGATATA

ACCGCTTATATTTTATGTCT

TAGCAAGCTTGG 4312



Table 2.1 - Comparison of Amino Acid Sequence Similarity Between Riboflavin

Synthesis Proteins. '

 

% Similarity with A. pleurapneumaniae

 

 

 

RibG RibB RibA Rin

Bacterium Compared % Compared % Compared % Compared %

with with: with: with:

Bacillus subtilis RibG 63 R1138 69 RibA 73 Rin 83

Escherichia coli b mm 62 RibC 58 RibB 63 11in 74

RibA 73

Haemaphilus influenzaec RibG 58 RibC 60 R1133 65 11le 75

. . RibA 71

Photobacterium leiognathi NA RibI 64 Rin 61 RibIlI 69

Photobacterium phosphoreum d NA mm 63 RibII s9 Rihlll 73

RibIV 63

Vibrio harveyi NA NA Until 59 NA

 

3 Identity is expressed in percent similarity as calculated by the GCGNeedleman—thsch algorithm (22). Proteins

withpartial identitywereeomparedtotheentimappropfiateAPPRibprotein.

t’I:'.coli RibB is homologous to the 5' end ofAPP RibA. Ecoli RihA is homologous to the 3‘ end ofAPP mm.

c Hinfluenzae RibB is homologous to the 5' end ofAPP RibA. fun/lame RihA is homologous to the 3' end ofAPP

RibA.

d P.phosphorcwn RibIV is homologous to the 3' end ofAPP RibA.
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identified between the genes n‘bA and n'bH. However, no consensus promoter was

identified between n‘bB and ribA, as is found in B. subtilis. The ORF encoding n‘bH is

followed by an inverted repeat stem-loop structure with a AG = -56.0 that may function

as a rho-dependent transcriptional terminator (13).

Homology of APP rib genes. Predicted amino acid sequences of the APP

RibGBAH proteins were compared with B. subfilis RibGBAH (19); E. coli RibA, RibB,

RibC, RibG, and Rin (33.34.42); Photobacten‘um Ieiognathi Ribl-lll (17),

Photobacten‘um phosphoreum Ribl-IV (16), and Vibn‘o harveyi LuxH (41) proteins, using

the SOS Gap program (Table 2.1). APP RibG showed 62-63% similarity to the RibG

proteins from B. subtilis and E. coli. APP RibB showed 58—69% and APP Rin showed

69-8396 similarity to homologous genes from B. subtilis, E. coli, and Photobacten'um

species. APP RibA showed 73% similarity to the entire RibA protein of B. subfilis and

61% to the Ribll protein of P. Ieiognathi, both of which encode a bifunctional enzyme

catalyzing two distinct steps in the riboflavin pathway. In addition, the carboxy terminal

half of APP RibA, encompassing ~200 amino acids, shows 59—63% similarity to E. coli

RibB, and V. harveyi LuxH, which encode 3,4-DHBP synthase. The N-terminal region

of APP RibA, encompassing the remaining ~200 amino acids, shows 63-73% similarity

to E. coli RibA and P. phosphomum RiblV, which encode GTP cyclohydrase ll.

Complementation of E. coll mutants. The original pTF10 clone and several

deletion derivatives were tested for their abilities to complement ribA (GTP

cyclohydrase II), ribB (3,4-DHBP synthase), and n‘bC ([3- subunit of riboflavin synthase)

mutations in E. coli (2) (Figure 2.5). Complementation of the E. coli mutation was

determined by restoration of the ability to grow on M9 minimal medium in the absence

of riboflavin. Plasmids containing a complete copy of the APP n’bB gene

complemented the E. coli n'bC mutation. Plasmids containing the 5' end of APP n’bA

complemented the E. coli ribB mutation. Plasmids containing a complete copy of APP

n'bA complemented both E. coli n‘bB and mm mutations.
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Minicell analysis. Plasmid pTF1O and its deletion derivatives were transformed

into the minicell—producing E. coli strain DS410, and the proteins encoded by these

plasmids were radioactively labeled, separated by SDS-PAGE, and visualized by

autoradiography. Compared with the pUC19 vector, plasmid pTF1O shows four unique

proteins with apparent molecular masses of 45 kDa, 27.7 kDa, 43.7 kDa, and 14.8 kDa

(Figure 2.6), which correspond well with the sizes predicted for the RibG, RibB, RibA,

and Rin proteins by amino acid sequence data. The RibG protein did not appear to

be as strongly expressed as RibB, RibA, and Rin. Analysis of proteins encoded by

plasmid pTF19 (Figure 2.5), which contains no rin and a slightly truncated n‘bA gene,

eliminates the 14.8 kDa protein (Rin) and truncates the 43.7 kDa protein (RibA) to

42.5 kDa (Figure 2.6). Plasmid pTF12 (Figure 2.5), which does not contain ribB, ribA,

or n’bH genes, does not express the 27.7, 43.7, or 14.8 kDa proteins (data not shown).
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Figure 2.5 - Complementation of E. coli Mutants by Cloned APP rib Genes. A

physical map for the APP ribGBAH genes is shown as well as several deletions that

were made from the 3' end of the APP n’b clone. The E. coli gene designations are

indicated above their APP homologues. A ”-0-” indicates complementation of the

indicated E. coli mutation by the recombinant plasmid. nd = not done. Enzyme

abbreviations: A, Aval; C, Clal; E,EcoRl; H,Hindlll; K, Kpnl; N, Ndel



Figure 2.6 - Minicell Analysis of pTF10 and Deletions. Minicells contained: Lane 1,

pUC19; Lane 2, pTF10; Lane 3, pTF19. Molecular weight standards are indicated on

the left. Proteins encoded by the APP genes are indicated by the arrows on the right.

Apparent molecular weights for the APP Rib enzymes are: RibG, 45 kDa; RibA, 43.7

kDa; RibB, 27.7 kDa, and Rin, 14.8 kDa.
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DISCUSSION

In this paper, we report the identification, cloning and complete nucleotide

sequence of four genes from Actinobacillus pleurapneumaniae that are involved in

riboflavin biosynthesis. The cloned genes can specify production of large amounts of

riboflavin in E. coli, can complement several defined genetic mutations in riboflavin

biosynthesis in E. coli, and are homologous to riboflavin biosynthetic genes from both

E. coli and Bacillus subtilis. The genes have been designated APP ribGBAH due to

their similarity in both sequence and arrangement to the B. subtilis ribGBAH operon.

The DNA sequence data, complementation, and minicell analysis strongly

suggest that the four at: genes are transcribed from a single APP promoter upstream of

the n'bG gene. This promoter, among the first described for housekeeping genes in

APP, is a good match for an E. coli consensus -35I-1O promoter. There is a 4 of 6 bp

match at the -35 region, a 17 bp interval, a 4 of 6 bp match at the -10 region, an 8 bp

interval, and a CAT box at the -1/+1 site. There is also a second potential promoter

located between n’bA and n'bH, although it is not clear whether this promoter is

functional.

Biosynthesis of riboflavin by APP appears to be more similar to that in the gram-

positive bacterium B. subtilis than in the gram-negative bacterium E. coli. First, APP n'b

genes are arranged in an operon similar to that seen in B. subtilis, rather than scattered

throughout the chromosome as is found in E. coli. However, the B. subtilis rib operon

contains a fifth gene, n‘bT, that is proposed to mediate the third step in riboflavin

biosynthesis; it is unlikely that a n’bT homologue is present as part of the operon in

APP because of the presence of a strong inverted repeat following rin and the lack of

a likely reading frame downstream. Second, APP contains a n’bA gene that encodes a

bifunctional enzyme with both GTP cyclohydrase II and DHPB synthase activities, as is

found in B. subtilis; E. coli has two genes, n‘bA and 11728, that encode these two

enzymes separately. Finally, the APP riboflavin biosynthetic enzymes are more similar
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at the amino acid level to the enzymes of B. subtilis than to those of E. coli, although

alignment of the proteins from all three sources shows highly conserved sequences

(data not shown).

It should be noted that in three bioluminescent species from the family

Vibn'onaceae, Vibn'o harveyi, Photobacten’um Ieiognathi, and P. phosphoreum,

riboflavin biosynthesis genes have been shown to be closely linked to the qu operon

(10,11,41). FMNHZ is the substrate for the light-emitting reaction, and therefore an

increase in bioluminescence requires an increased supply of the cofactor. Since

riboflavin is the precursor for FMN, linkage and possibly coordinate regulation of M

and rib genes may facilitate the expression of bioluminescence in these bacteria.

The recombinant E. coli DH5—a containing plasmid pTF10 showed a marked

increase in extracellular riboflavin production, most likely due to the lack of regulation

(40) and high copy number of the cloned synthetic genes (45). Although the APP n’b

operon is similar in structure to that of B. subtilis, it is not yet known whether the genes

are tightly regulated in APP by a repressor similar to B. subtilis RibC, or whether they

are constitutively expressed as appears to be true in E. coli (33). We hypothesize that

APP must synthesize riboflavin to meet its own metabolic demands during infection,

since riboflavin is not synthesized by mammals and therefore is not likely to be freely

available to APP within its porcine host. Further study of this model operon should

reveal interesting information on regulation and promoter/operon structure in APP, as

well as information on the role of riboflavin biosynthesis in APP infection.
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Chapter 3

A RIBOFLAVIN AUXOTROPI-I OF ACTINOBACILLUS PLEUROPNEUMONIAE IS

ATTENUATED IN SWINE
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ABSTRACT

Actinobacillus pleurapneumaniae is the etiological agent of a highly contagious

and often fatal pleuropneumonia in swine. A riboflavin-requiring mutant of A.

pleurapneumaniae serotype 1, designated AP233, was constructed by deleting a

portion of the riboflavin biosynthetic operon (ribGBAH) and replacing it with a gene

cassette encoding kanamycin resistance. The genes affected included both the a and

B-subunits of riboflavin synthase as well as a bifunctional enzyme containing GTP

cyclohydrase and 3,4-dihydroxy-2-butanone-4-phosphate synthase (DHBP) activities.

AP233 was unable to grow in the absence of exogenous riboflavin, but othenvise was

phenotypically identical to the parent wild type strain. Experimental infection studies in

pigs demonstrated that the riboflavin-requiring mutant was unable to cause disease,

based on mortality, lung pathology and clinical signs, at dosages as high as 500 times

the normal L050 of the wild type parent. This is the first demonstration of the

attenuation of A. pleumpneumoniae by introduction of a defined mutation in a

metabolic gene and the first demonstration that mutations in the genes required for

riboflavin biosynthesis can lead to attenuation in a bacterial pathogen.
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INTRODUCTION

Actinobacillus pleurapneumaniae, a gram negative coccobacillus belonging to

the family Pasteurellaceae, is the causative agent of porcine pleuropneumonia

(4.20.32). This disease is characteristically an acute necrotizing hemorrhagic

bronchopneumonia. with accompanying fibrinous pleuritis (4,32). Pleuropneumonia is

an economically devastating. severe and often fatal disease with clinical courses

ranging from hyperacute to chronic infection (4,9). The existence of at least twelve

antigenically distinct capsular serotypes (28) has made development of a cross-

protective vaccine difficult Killed whole cell bacterins provide at best serotype-specific

protection (22.23.29.37). In contrast, natural or experimental infection with a highly

virulent serotype of A. pleurapneumaniae elicits protection against reinfection with any

serotype (21.22.24). In several recent studies. attenuated strains of A.

pleuropneumoniae produced by chemical mutagenesis, serial passage. or other

undefined spontaneous mutation have been tested as live vaccines, with promising

results (10.27.38). However, the use of live vaccines in the field is problematic,

particularly when the attenuating lesion in the vaccine strain has not been genetically

defined. A well-defined mutation that prevents reversion to wild-type would be

extremely desirable for the development of a live attenuated vaccine against

pleuropneumonia. We hypothesize that a mutation in a critical biosynthetic pathway

which limits growth in vivo but does not othenrvise alter expression of important antigens

such as capsular polysaccharide, lipopolysaccharide and extracellular toxins, could

produce an attenuated vaccine strain capable of inducing cross-protective immunity

against A. pleurapneumaniae.

A variety of mutations in biosynthetic pathways are known to be attenuating in

other organisms. Lesions in are (6-8, 13, 17, 26, 39), pur (26,33), and thy (1) loci,

which affect the biosynthesis of aromatic amino acids, purines and thymine,

respectively, are attenuating because they eliminate the ability of the bacterium to
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synthesize critical compounds that are not readily available within mammalian hosts.

For example, are mutants of Salmonella and Shigella species have been shown to be

attenuated in their natural hosts (6-8, 13. 17, 26). Lesions that affect the biosynthesis

of LPS (3,25) and of cyclic AMP (14, 36) have also been shown to be attenuating in

Salmonella species. It is important to note that not all attenuating mutations are good

vaccine candidates in different organisms because some attenuating mutations result

in poor persistence and immunogenicity (26,33).

Riboflavin (vitamin 82). a precursor of the coenzymes flavin adenine

dinucleotide (FAD) and flavin mononucleotide (FMN), is essential for basic metabolism.

It is synthesized by plants and by most microorganisms but not by higher animals (2).

Many pathogenic bacteria are apparently unable to utilize flavins from their environment

and are entirely dependent on endogenous production of riboflavin (31). Even with the

ability to utilize exogenous riboflavin, there may not be enough of the vitamin present in

mammalian host tissues to permit growth, particulariy not in sites devoid of normal

bacterial flora. Therefore. we hypothesized that riboflavin biosynthesis would be

essential for survival of A. pleurapneumaniae in vivo, and that mutations in the

riboflavin biosynthetic pathway would be attenuating due to the scarcity of riboflavin

present on the mucosal surfaces of the respiratory tract.

Previously we reported the identification of a fragment of A. pleurapneumaniae

serotype 5 chromosomal DNA that triggers overproduction of riboflavin when cloned in

E. coli. Nucleotide sequence analysis demonstrated four open reading frames with

significant identity and a similar operon arrangement to the ribGBAH genes from

Bacillus subtilis (5). The ribGBAH genes encode, respecfively. a rib-specific

deaminase, the a-subunit of riboflavin synthase, a bifunctional enzyme containing GTP

cyclohydrase and 3.4-dihydroxy-Z-butanone-4-phosphate synthase activities, and the )3-

subunit of riboflavin synthase (5). In this study we report the construction of a deletion-

dismption riboflavin mutant of A. pleuropneumoniae serotype 1 and show that this
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mutation attenuates A. pleurapneumaniae in viva. This is the first published report

demonstrating that riboflavin auxotrophy can lead to attenuation of a bacterial pathogen

in its natural host.
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MATERIALS AND METHODS

Bacterial strains and media. The bacterial strains and plasmids used in this

study are listed in Table 3.1. A. pleurapneumaniae strains were cultured at 37 °C in

either brain heart infusion (BHI), heart infusion (HI), or tryptic soy agar (TSA) (Difco

Laboratories, Detroit, MI) containing 10 pg/ml p-NAD (V factor) (Sigma Chemical

Company. St. Louis, MO). Riboflavin (Sigma) was added to a final concentration of 200

uglml when needed. E. cali strains were cultured in Luria-Bertani medium. Ampicillin

was added to 100 pglml and kanamycin to 50 rig/ml for plasmid selection in E. coli

strains. For A. pleurapneumaniae strains, 50 [Lg/"II kanamycin sulfate and 25 pglml

nalidixic acid were added as required, except for selection after matings which were

performed with 100 pglml kanamycin sulfate and 50 [IQ/rill nalidixic acid.

DNA manipulations. DNA modifying enzymes were supplied by Boehringer-

Mannheim Biochemicals (Indianapolis, IN) and used according to the manufacturer's

specifications. Genomic DNA was prepared according to the lysislproteinase K method

of the Gene Fusion Manual (34). Plasmid DNA preparations. agarose gel

electrophoresis, and E. coli transformation were all performed by conventional

methods (30).

Filter mating targeted mutagenesis. Filter mating between E. coli 817-1 (Apir)

lpTF67A and AP225 was performed according to the protocol of Mulks and Buysse

(19). Briefly. bacterial cultures were grown overnight at 37°C. Equal cell numbers of

donor and recipient cultures, as determined by optical density at 520 nm. were added

to 5 ml 10 mM M9804 and the bacteria pelleted by centrifugation. The pellet

containing the cell mating mixture, resuspended in 100 pl of 10 mM MgSO4, was plated

on a sterile filter on BHIV + riboflavin agar and incubated for 3 h at 37°C. Cells were

washed from the filter in sterile phosphate buffered saline (pH 7.4), centrifuged,

resuspended in 400 pl BHIV broth and plated in 100 pl aliquots on BHIV containing

riboflavin, kanamycin, and nalidixic acid. Kanamycin and nalidixic acid resistant
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Table 3.1 - Characteristics of Bacterial Strains and Plasmids.

 

 

Strain I Plasmid Characteristics Source/Reference

Strain

E. coli DH5-a supE44, Alch169. (¢80IacZAM15), BRL (USA)

hst17, recA1. endAl, gyrA96, (hi-1, reIA1

E. coli OHS-a (kpir) kpir. supE44, AlacU169, (tSOIacZAM15), Mulks 8 Buysse

hst17. recA1, endAl, gyrA96, thi-1, reIA1

E. coliS17-1 (kpir) 2. plr, recA. thi, pm, hsd, (r-m+), RP4-2, Simon et al.

(TczzMu), (Km::Tn7), [TmpR]. [SmR]

AP100 A. pleurapneumaniae ATCC 27088, ATCC

serotype 1. passaged through pigs

AP106 A. pleurapneumaniae lSU178, a serotype 5 Iowa State University

field isolate, passaged through pigs

AP225 A spontaneous nalidixic acid resistant This work

mutant of AP100

AP233 A double cross-over riboflavin auxotroph of This work

AP225

AP234 A single cross-over riboflavin auxotroph of This work

AP225

Plasmid

pUC19 ApRRcloning vector Vielra 8. Messing

pUC4K ApR, vector, source of the ken Phannacia (USA)

pGP704 Apfebroad host range suicide vector Miller 8 Mekalanos

pGZRS19 ApR APP-E.cali shuttle vector West at al.

pTF10 AP106 ribGBAH genes cloned into pUC19 Fuller 8 Mulks

pTF66 A 2.9 kb fragment containing AP106 This work

ribBAH in pGP704

pTF67a pTF66 with all of ribA and part of n‘bB This work

deleted and replamd with the ken cassette

from pUC4K

pTF76 5.2 Kb insert from pTF10 cloned into This work

pGZRS1 9
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colonies were selected from filter mating plates and screened for riboflavin auxotrophy

by replica plating onto TSAV, observing for inability to grow in the absence of added

riboflavin.

Southern Analysis of Transconjugants. Chromosomal DNA and plasmid

controls were digested with the appropriate restriction enzymes and the DNA fragments

were separated on an 0.7% ultrapure agarose gel in TAE buffer. Southern blots were

performed as described by Sambrook et al (30). DNA probes were labeled with

digoxygenin by random priming using the Genius V. 3.0 kit from Boehringer Mannheim.

Probes included the 5.2 Kb insert from pTF10 containing the intact riboflavin operon

from AP106 (Rib), the 1.4 Kb Clal/Ndel fragment deleted from the riboflavin operon in

the construction of pTF67a (R.Del.), the 1.2 Kb kanamycin cassette from pUC4K (Km)

and the intact plasmid pGP704 (pGP704). Hybridization was carried out in 50%

fonnamide at 42°C for 16h. Blots were washed twice in 2 X SSCIO.1% SDS for 15 min

at room temperature, than twice in 0.1x SSCIO.1% SDS for 30 min at 65°C. Blots were

developed with alkaline phosphatase-conjugated anti-digoxygenin and colorimetric

substrate (Boehringer Mannheim) according to the manufacturer's instructions.

Phenotypic analysis of mutant strains. Whole cell Iysates and supematants

of AP100, AP225 (NalR), and AP233 (KmR, NaIR. Rib-) were prepared from ovemight

cultures grown in HIV + 5 mM CaCI2 + appropriate antibiotics. Cells were separated by

microcentrifugation and resuspended in SOS-PAGE sample buffer (16). The culture

supernatant was precipitated with an equal volume of 20% trichloroaceu'c acid 0'CA)

and resuspended in SOS-PAGE sample buffer. Cellular polysaccharides, including

lipopolysaccharide (LPS) and capsular polysaccharide, were prepared according to the

cell lysislproteinase K method of Kimura et al (15). All samples were analyzed on an

0.125% SOS-12% acrylamide gel using a discontinuous buffer system (16). Samples

were transferred to nitrocellulose according to standard protocols (30) and probed with

convalescent serum from a pig infected with A. pleurapneumaniae serotype 1.
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Antigen-antibody complexes were detected with horseradish peroxidase-conjugated

protein A (Boehringer Mannheim) and the colorimetric substrate 4-chloro-naphthol

(BioRad. Hercules, CA).

Production of serotype-specific capsular polysaccharide was measured by

caagglutination assay using hyperimmune rabbit anti-sera complexed to

Staphylococcus aureus whole cells (11).

Electroporation of A. pleurapneumaniae. AP233 was grown in 100 ml BHIV

with riboflavin at 37°C, with shaking at 150 RPM, to an OD520 of 0.7. Cells were

chilled on ice and centrifuged at 5,000 X g at 4°C for 10 min. Cells were washed twice

in ice cold sterile 15% glycerol. Cells were resuspended in 2 ml 15% glycerol and

frozen in 50 pl aliquots using a dry ice-ethanol bath. Plasmid DNA was added to an

aliquot of competent cells thawed on ice and then transferred to a 0.1 cm gap

electroporation cuvette (BioRad). Cells were electroporated using a Gene Pulsar ll

(BioRad) with the following settings: voltage, 1.8 kV; resistance, 200 a; capacitance,

25 de.

Experimental infections. Eight-week-old specific-pathogen-free castrated

male pigs (Whiteshire Hamroc, lnc.. Albion, IN) were allotted to six challenge groups by

a stratified random sampling procedure, balancing each group for body weight. Each

challenge group was housed in a separate ESL-2 isolation room at the Michigan State

University Research Containment Facility. All experimental protocols for animal

experiments were reviewed by the Michigan State University All University Committee

on Animal Use and Care. and all procedures conformed to university and USDA

regulations and guidelines.

For preparation of challenge inocula, bacteria were grown in 30 ml HIV + 5 mM

CaClz + riboflavin and antibiotics as needed, in 300 ml baffled side-arm flasks, at 37°C

with shaking at 160 RPM, to an OD520 of 0.8. Ten ml of each culture was harvested

by centrifugation at room temperature and washed once with sterile 0.9 % saline. The
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cell pellet was resuspended in 10 ml of saline and diluted in saline to obtain the desired

cfu/ml. The actual inoculating doses were retrospectively calculated by viable cell

counts on agar plates.

For the challenge procedure. pigs were anesthetized by intravenous injection

with ketamine (4.4 mglkg) and xylazine (1.65 mglkg) and inoculated by percutaneous

intratracheal injection with the appropriate dose of bacteria suspended in 10 ml saline.

Clinical signs of pleurapneumania. including respiration rate, temperature, dyspnea.

appetite and activity/attitude (depression), were monitored and scored as previously

described (12). Seriously ill animals, as determined by severe dyspnea and/or

depression, were euthanized immediately. Survivors were euthanized three days post-

challenge. All animals were necropsied, and lungs were examined macroscopically for

A. pleurapneumaniae lesions, including edema, congestion, hemorrhage, necrosis,

abscessation, fibrosis, and pleuritis. The percentage of lung tissue and pleural surface

area affected was estimated for each of the seven lung lobes. and the total %

pneumonia and % pleuritis calculated using a formula that weights the contribution of

each lung lobe to the total lung volume (12). Representative lung samples were

collected for histopathology and for bacterial culture.
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RESULTS

Construction of A. pleurapneumaniae rib mutants. To construct riboflavin-

requiring auxotrophic mutants of A. pleurapneumaniae, a suicide plasmid with part of

the riboflavin operon deleted and replaced with a kanamycin-resistance (KmR)

cassette was designed (Figure 3.1). A 2.9 kb EcoRI fragment from pTF10 (5)

containing the A. pleurapneumaniae ribBAH genes was cloned into the EcoRI site of

the conjugative suicide vector pGP704 (18) to create plasmid pTF66. pTF66 was

digested with Clal and Ndel to excise the 3' end of ribB and the entire ribA gene. After

Klenow treatment of the DNA, the 1.2 kb KmR cassette, excised with EcoRI from

pUC4K , was blunt-end ligated into the rib deletion site to create pTF67a.

pTF67a was transformed into E. coli S17-1 (xpir) and mobilized into AP225

(NalR ) to produce >100 transconjugant colonies demonstrating resistance to both

nalidixic acid and kanamycin. Transconjugants were replica plated onto TSAV and

TSAV + riboflavin to assess the requirement for riboflavin and the stability of the

riboflavin auxotrophy. Two classes of transconjugants were found. The majority of the

transconjugants, e.g. AP234. were unstable and produced revertants capable of growth

without supplemental riboflavin in the absence of kanamycin selection. One

transconjugant, AP233. was very stable, maintaining kanamycin resistance as well as

the inability to grow without exogenous riboflavin. All transconjugants were confirmed

as A. pleurapneumaniae by gram stain, colonial morphology, and requirement for V

factor (Ii-NAD).

Southern blot analysis of transconjugants. Two transconjugants were

selected for further analysis based on their phenotypes as potential single (AP234)

and double cross-over mutants (AP233). Southern blot analysis of transconjugant

genomic DNA from the two mutants indicated that AP233 and AP234 were indeed

double and single cross-over insertion mutants respectively (Figure 3.2). Predicted

band sizes for single and double cross-over events are shown in Figure 3.3.
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Figure 3.1 - Construction of pTF67a.
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Figure 3.2 - Southern blots of Hindlll or EcoRl Digested DNA from Mutants and

Controls. Blots were prepared in quadnrplicate and hybridized at high stringency with

one of four probes: Rib, the entire ribGBAH operon from pTF10; R. Del., the deleted

portion (Clal/Ndel fragments) of the ribGBAH operon; pGP704, the entire plasmid; Km,

the kanamycin cassette from pUC4K. Lanes: 1, pTF10 digested with Hindlll; 2, AP106

+ Hindlll; 3, AP100 + Hindlll; 4, pTF67a + EcoRl; 5, AP233 + Hindlll; and 6, AP234 +

Hindlll.
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Figure 3.3 - Schematic Structure of the rib Locus of Parent and Mutant Strains in

Double and Single Cross-Over Events. The predicted sizes of Hindlll genomic

fragments are shown for two possible single cross-over events and for a double cross-

over event. The results show that for AP233 the chromosomal rib operon has been

replaced with the cloned riboflavin operon containing the Km cassette by a double

cross-over event, while AP234 is the result of a single cross-over event either upstream

or downstream of the kanamycin cassette. Restricb'on enzymes used: E = EcoRl; H =

Hindlll.
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Genomic DNA from AP233 contained a 2.2 Kb Hindlll fragment that hybridized with the

riboflavin operon (Rib) probe. as well as 1.7 and 1.3 Kb fragments that hybridized with

both the Rib and Km probes; however, there was no reaction with either pGP704 nor

the deleted portion of the riboflavin operon (Figure 3.2). This is the pattern of

hybridization predicted in transconjugants that replaced the wild type riboflavin operon

with the mutated ribzszR locus by a double-crossover event (Figure 3.3). In contrast,

genomic DNA from AP234 shows the presence of DNA homologous to the fragment

deleted from the riboflavin operon (R. del), pGP704, and the kanamycin cassette

(Figure 3.3). This is the pattern of hybridization predicted in transconjugants that

inserted the entire pTF67a plasmid into the wild type rib operon by a single crossover

event (Figure 3.2).

Phenotypic analysis of the A. pleurapneumaniae rib mutant. Whole cell

Iysates, TCA-precipitated culture supematants. and polysaccharide preparations were

analyzed on silver stained SOS-PAGE and on immunoblots developed with

convalescent swine sera. No differences in protein, LPS. extracellular toxin. or

capsular polysaccharide profiles were detected between wild type AP100, its NalR

derivative AP225, and the riboflavin mutant AP233 (Figure 3.4). There was no

difference in reactivity with serotype-specific antisera as determined by caagglutination

assay (data not shown).

Complementation of the rib mutation with a cloned wild type rib operon.

The 5.2 Kb insert from pTF10, containing the wild-type A. pleurapneumaniae riboflavin

operon, was cloned into pGZRS19, an E. cali-A. pleurapneumaniae shuttle vector (41),

to form pTF76. pTF76 was transformed into AP233 by electroporation. restoring the

ability of AP233 to grow in the absence of exogenous riboflavin and restoring the

virulence of the mutant (Table 3.2 and Table 3.3).
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Figure 3.4 - Phenotypic Analysis of AP100, AP225 and AP233.

Panel A: All samples were boiled for 5 minutes before SDS-PAGE on a 12% gel.

Panel B: Westem blot analysis was performed using convalescent a-APP-1 swine

serum and detected colorimetrically with a protein A-HRP system.

Lanes 1-3 are whole cell Iysates of AP100, AP225 and AP233.

Lanes 4-6 are TCA precipitated supematants of AP100, AP225 and AP233

Lanes 7-9 are LPS preparations of AP100, AP225 and AP233.
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Attenuation of virulence of the rib mutant in swine. Six groups of three pigs

each were infected with: group 1, 1 L050 (5 X 106 cfu) of AP225; groups 2-5, AP233

at doses equivalent to 4. 20, 100, and 500 times the wild-type LDso; and group 6,

AP233/pTF76 at a dose equivalent to 1 L050 for the wild-type. Mortality. lung score,

and clinical score data. shown in Tables 3.2 and 3.3, all indicate that the riboflavin

auxotroph is avinrlent in pigs at doses as high as 500 times the wild-type L050. The

pigs infected with the rib mutant AP233 displayed no dyspnea. elevated respiration

rate, depression, or loss of appetite, and had no typical pleurapneumania pamology at

necropsy at even the highest dose tested. In contrast. 1 of 3 pigs infected with the wild-

type AP225 strain died, and all three exhibited significant clinical signs of infection,

including elevated respiration rates, dyspnea, depression, loss of appetite, and fever,

and severe pneumonia and pleuritis was evident at necropsy. Pigs infected with

AP233 containing the riboflavin genes in trans (pTF76) also exhibited obvious clinical

signs and significant pneumonia and pleuritis, although somewhat less severe than the

wild-type strain. These results indicate that restoration of the ability to synthesize

riboflavin does restore virulence.

Bacteria were readily reisolated at necropsy from the lungs of pigs receiving

AP225 and AP233 IpTF76. All reisolated organisms were characterized by gram stain.

colonial morphology, requirement for V factor (ti-NAD). antibiotic sensitivity, and

serotyping by caagglutination. Reisolated organisms showed no differences from the

initial inocula, including the presence of plasmid pTF76 in bacteria reisolated from pigs

infected with AP233/pTF76. In contrast, we were unable to recover organisms from

the lungs of animals infected with AP233 and euthanized 48 hours post infection.
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Table 3.2 - Mortality and Lung Score Data.

 

  

Group Strain Dose W. Mortality % Pneumonia” % Pleuritis°

1 AP225 (WT) 1 1/3 66.7 71.7

2 AP233 (Rib-) 4 0/3 0 0

3 AP233 (Rib-) 20 on 0 0

4 AP233 (Rib-) 100 0/3 0 0

5 AP233 (Rib-) 500 on 0 0

6 AP233+ pTF76 1 0/3 27.6 20.2
 

' Doses are multiples of the established wild-type L050 of 5.0 x 10° cfu (12).

% lung tissue exhibiting A. pleurapneumaniae lesions

° % pleural surface area exhibiting pleuritis

C

Table 3.3 - Clinical Score Data

 

Dose T63?

Group Strain 0339' RR Max” M Oyspnead Depression' Appetite'
 

 

1 AP225 1 20 105.7 5.5 6.7 4.2

2 AP233 4 8 102.5 0 0 0

3 AP233 20 8 103.3 0 0 0

4 AP233 100 8 103.5 0 0 0

5 AP233 500 8 102.8 0 0 0

6 AP233 + 1 19.3 105.4 4.5 4.7 3.7

pTF76

Normal 8.0 <103.0 0 0 0

Maximum 25 15 15 5
 

Doses are multiples of the established wild-type L050 of 5.0 x 106 cfu (12).

Maximum respiratory rate observed after challenge. Respiratory rate recorded as number of breaths

per 15 sec observation period.

c Maximum rectal temperature after challenge, in degrees Fahrenheit.

‘

Oyspnea score measures degree of respiratory distress and labored breathing. Scored as 0 = normal;

= slight; 2 = moderate; 3 = severe. Total score = sum of scores taken at 12 hour intervals

after challenge.

Depression scare evaluates attitude and activity. Scored as 0 = normal; 1= slight inactivity; 2 =

moderate; 3 = severe. Total score = sum of scores taken at 12 hour intervals after challenge.

Appetite was scored as 0 = did eat; 1 = did not eat. Total score = number of 12 hour periods not

eating over 60 hour observation period.
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DISCUSSION

In this paper. we report the construction of a serotype 1 Actinobacillus

pleurapneumaniae deletion-dismption riboflavin mutant that is attenuated in vivo. The

A. pleurapneumaniae ribGBAH operon was disrupted by deleting an internal segment

of the operon (ribBA) and replacing it with a KmR cassette using a targeted

mutagenesis technique (19). A stable riboflavin-requiring. KmR mutant, AP233, was

phenotypically identical to its wild-type parent based on analysis of proteins.

extracellular toxin, LPS. and capsular polysaccharide by SDS-PAGE, immunoblot, and

caagglutination.

A riboflavin mutant of A. pleurapneumaniae serotype 5 was also constructed

and was also found to be attenuated in a preliminary animal challenge experiment

However, further studies were conducted in serotype 1 because serotype 5 seemed to

be very resistant to transformation by standard heat shock or electroporation

procedures. In order to complement the rib mutation in trans, and for ease of future

genetic manipulations, it was necessary to use a serotype 1 strain for these studies.

Experimental infection of pigs, the only natural host for A. pleurapneumaniae,

demonstrated that the riboflavin-requiring mutant was unable to cause disease at

dosages as high as 500 times the LD5o for the wild-type parent. In the four groups of

pigs infected with AP233 by intratracheal inoculation. there was no mortality, no

significant clinical signs were observed, and no typical pleurapneumanic lesions were

discovered upon necropsy. Complementation of AP233 in trans with the wild-type A.

pleurapneumaniae riboflavin operon restored both the ability to grow without

exogenous riboflavin and virulence, demonstrating that the riboflavin mutation itself is

responsible for the attenuation in viva.

It is important to note that the riboflavin-requiring mutant used in these studies is

a deletion mutant, with ~1.4 Kb of the riboflavin operon removed from the chromosome

and replaced with an antibiotic resistance marker. We observed neither reversion to
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prototrophy nor loss of kanamycin resistance in this mutant in the laboratory. In the

preliminary experiment with a serotype 5 riboflavin mutant, we were able to reisolate

the mutant from the pig lungs at 16 hours post-infection. All colonies isolated in this

experiment were kanamycin-resistant, nalidixic acid-resistant, and riboflavin requiring,

suggesting that reversion to prototrophy and thus virulence will not occur in vivo.

In the dosage trial experiments, AP233 was not recovered from the lungs of

infected swine at 48 hours post-infection. These results may indicate poor persistence

of the organism in viva, a potential problem for its use as a live-attenuated vaccine. If

necessary, sufficient exogenous riboflavin could be added to the vaccine to allow the

organism to replicate minimally and therefore persist long enough to induce a protective

immune response.

This is the first report that a mutation in riboflavin biosynthesis in a pathogenic

bacterium is attenuating. This finding represents a new addition to the group of

biosynthetic mutations which can be used to construct attenuated strains of bacteria.

This is also the first report of a genetically defined attenuated mutant of A.

pleurapneumaniae that is still capable of production of all of the major known virulence

factors of this organism. including extracellular toxins and capsular polysaccharide.

We intend to continue studies on the use of riboflavin mutants of A. pleurapneumaniae

as candidates for a new generation of live attenuated vaccines against this disease.

In addition. the fact that riboflavin biosynthesis is essential for this pathogen and is not

synthesized by higher eukaryotes could potentially lead to discovery of a new

generation of antibiotics which inhibit riboflavin biosynthesis.
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ABSTRACT

Actinobacillus pleurapneumaniae (APP) is a gram negative pleiamarphic rod

that is the causative agent of a severe, highly infectious and often fatal

pleurapneumania in swine. We have previously reported the construction of a

genetically defined stable riboflavin auxotroph (AP233) by replacing a portion of the

APP serotype 1 strain (ATCC 27088) riboflavin biosynthetic operon (ribGBAH) with an

antibiotic cassette encoding resistance to kanamycin. The riboflavin mutant was

previously shown to be avinilent at a dosage equivalent to 500 times the established

L050 for the wild type parent. We have tested AP233 in two studies for its ability to

stimulate protective immunity against pleurapneumania. In the first study, four groups of

six pigs each were inoculated with 5 x 108 cfu of AP233 either by intratracheal or

intramuscular injection, with or without the addition of 5 jig/ml of riboflavin to the live

vaccine inoculum. Two additional groups of six pigs each were either vaccinated with a

serotype 1A bacterin or kept as unvaccinated controls. The pigs received a second

vaccination at three weeks followed by experimental challenge with 1 L050 of serotype

1A two weeks later. Results of the challenge experiment indicate that intramuscular

vaccination with the live attenuated rib mutant. in a vaccine formulation that included a

limiting amount of exogenous riboflavin, provided significant protection against

homologous challenge with virulent A. pleurapneumaniae. In a second study, two

groups of six pigs each were vaccinated twice with 5 x 109 cfu of AP233 in P88 + 5 p

glml riboflavin by intramuscular injection. Two additional groups of six pigs each were

sham vaccinated with P88 + 5 [Ag/MI riboflavin. Challenge with both a homologous

(serotype 1) strain and a heterologous (serotype 5) strain demonstrated limited

protection against pleurapneumania. It is inconclusive at this time as to the degree of

protection obtained by vaccination with AP233.
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INTRODUCTION

Actinobacillus pleurapneumaniae (APP) is the causative agent of porcine

pleurapneumania. a severe and often fatal respiratory disease of swine (5.24.37) first

described over 30 years ago (38). While our understanding of the pathogenesis of

APP infections and the virulence factors involved has increased dramatically over the

past decade, there is still no safe effective vaccine against APP that provides

protection against all the major serotypes (26.27.33.40). This is in part due to the fact

that there are twelve antigenically distinct capsular serotypes (31) as well as antigenic

subtypes of some serotypes (17, 25), and vaccination with a killed whole cell vaccine

prepared from one serotype does not generally confer protection against other

serotypes (26.27.33.40), or even subtypes of the same serotype (16). Current

commercial vaccines are still primarily killed whole cell bacterins. which generally

reduce mortality from APP infection but frequently fail to prevent severe morbidity and

economic loss due to chronic effects of the disease on growth rate and feed efficiency

(5,13).

In contrast to bacterin vaccines, natural or experimental infection with a virulent

strain of APP generally elicits protection against reinfection with any serotype

(26.27.33.40), implying that there are protective antigens or immunomodulatory

compounds produced by the organism in viva which are not produced in vitro. This

suggests that a live avirulent vaccine. with limited replication ability, would have the

potential to produce these factors and elicit broad cross-protective immunity against all

serotypes of APP. Avinilent strains of APP, including capsule-deficient strains and

other strains for which the attenuating lesion is completely undefined. have been

tested as live vaccines and have elicited cross-protective immunity against subsequent

challenge (14.30.34.42). However, the use of live vaccines in the field is problematic,

particularly when the attenuating lesions in the vaccine strain are not genetically

defined. The development of attenuated strains of APP with genetically defined
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biochemical mutations that limit growth in vivo and prevent reversion to wild type for

use as live avirulent vaccines has. until recently, been impossible due to the lack of

genetic tools for manipulation of APP chromosomal genes. We have developed a

targeted mutagenesis system for APP (23) and are now using this methodology to

constructgenetically defined deletion mutants of APP.

Many live-attenuated strains of organisms such as Shigella fiexnen‘ (1,

18.20.28.35), Salmonella typhi (8), Salmonella typhimurium (4,10), Salmonella

choleraesuis (19). Aeramanas salmonicide (44), Bacillus anthracis (15), Bordeteila

pertussis (32), Yersinia enterocolitica (3). Pasteurella heemolytica (11) and Pasteurella

multocida (12) provide moderate-to-excallent protection against infection, varying with

the attenuating lesion and the dosage regimen. Many of these live-attenuated vaccine

strains have been constructed by disnipting biochemical pathways or critical virulence

genes. For example. live attenuated vaccines have been constructed using mutations

in em (3.10.11.12,15,18,20,32,44), icsA (35), iuc (35), guaB-A-virG (28). cya-crp (19),

thy (1), rfc, pmi (4) and gel (8), which respectively encode aromatic amino acid

biosynthetic enzymes. intracellular spreading factors. siderophores. guanine nucleotide

biosynthetic enzymes, adenylate cyclase and cAMP, thymine biosynthetic enzymes,

and enzymes involved in lipopolysaccharide biosynthesis. Live vaccines appear to hold

much promise for the future of vaccination, due to the ability to vaccinate with a small

amount of organism, the production and more natural presentation of protective

antigens, and the ability to stimulate the production of cytokines influencing the immune

system (21).

The goal of this research was to test a genetically defined attenuated

biochemical mutant of APP as a live-attenuated vaccine (LAV). Previously we reported

the cloning and characterization of the operon encoding riboflavin biosynthesis from

APP. Riboflavin (vitamin 82), a precursor of the coenzymes flavin adenine dinucleotide

(FAD) and flavin mononucleotide (FMN). is essential for basic metabolism. It is
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synthesized by plants and by most microorganisms but not by higher animals (2).

Therefore. exogenous riboflavin is not likely to be freely available on the mucosal

surfaces of the respiratory tract. In addition. many pathogenic bacteria are apparently

unable to utilize flavins from their environment and are entirely dependent an

endogenous production of riboflavin (36). We have constructed genetically defined

mutants of APP that lack part of the riboflavin biosynthetic operon (6) and require

exogenous riboflavin for growth. We have confirrnad that riboflavin biosynthesis is

essential for survival of APP in vivo and that mutations in the riboflavin biosynthetic

pathway are highly attenuating (7).

In this study we have conducted two vaccine trials to test the potential efficacy

of this riboflavin-requiring mutant of APP as a live-attenuated vaccine. The results

presented here demonstrate that intramuscular vaccination with the live riboflavin

auxotroph can elicit some protective immunity against challenge with two different

serotypes of vinilent wild type A. pleurapneumaniae.
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MATERIALS AND METHODS

Animals. Eight-week-old crossbred (Yorlrshire/Landrace) castrated male pigs

from a herd known to be free of A. pleurapneumaniae and related respiratory

pathogens (Whiteshire Hamroc, lnc.. Albion. IN) were allotted to challenge groups by a

stratified random sampling procedure, balancing each group for body weight. Each

challenge group was housed in a separate BSL-2 isolation room at the Michigan State

University Research Containment Facility and fed a standard antibiotic-free diet

provided by the Michigan State University Swine Research and Teaching Center. All

experimental protocols for animal experiments were reviewed by the Michigan State

University All University Committee on Animal Use and Care. and all procedures

conformed to university and USDA regulations and guidelines.

Bacterial Strains. A. pleuropneumoniae ATCC 27088 (APP-1A), reisolated

from experimentally infected pigs, was used as the serotype 1 challenge strain. A.

pleurapneumaniae lSU178 (APP-5). also reisolated from infected pigs, was used as the

serotype 5 challenge strain. AP233 (7), a Km', Nal'. riboflavin-requiring mutant of APP-

1A, was used as the live attenuated vaccine strain.

MediaICulture Conditions. All bacteria were grown in heart infusion broth (HI)

(Difco, Detroit. MI) with 10 pglml B-nicotinamide adenine dinucleotide (V factor) (Sigma.

St. Louis, MO). Riboflavin (Sigma) was added at 200 uglml for growth of strain AP233.

Kanamycin was used at 100 jig/ml and nalidixic acid was used at 50 jig/ml in agar

plates.

Preparation of Vaccines. AP233 for the live vaccine was grown in 30 ml HIV

broth + 5 mM CaClz + 200 jig/ml riboflavin, in 300 ml baffled side-am flasks at 37°C

with shaking at 160 RPM. to an optical density at 520 nm of 0.8. Bacteria were

harvested by centrifugation. washed once in phosphate buffered saline (PBS). pH 7.0,

diluted in PBS to the appropriate cell density, and used immediately as vaccine. For

vaccine groups containing riboflavin, 5 jig/ml riboflavin was added to the PBS (PBS-
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Rib) used for washing and resuspension. The actual inoculating doses were

retrospectively calculated by viable cell counts on agar plates.

To prepare the fonnalinized whole cell bacterin, virulent APP-1A bacteria were

similarly grown in HIV broth + 5 mM CaClz to an optical density at 520 nm of 0.8.

Bacteria were harvested by centrifugation and washed once with Tris-acetate-EDTA-

DT'I' buffer. Bacteria were resuspended in buffer containing 0.2% formalin to a

concentration of 5 X 10° cfulml, and kept at room temperature for 1 hour. then stored at

4°C. Each vaccine dose contained 1 ml fonnalinized cells, 0.5 ml saline. and 0.5 ml

Emulsigen adjuvant (MVP Laboratories, Ralstan, Nebraska).

Vaccination. In trial one. six groups (six pigs per group) of six- to eight-week-

old APP-free pigs were vaccinated twice with a 3 week interval. Group 1 was

vaccinated intratracheally (IT) with 5 X 108 cfu (100 X the established LDso for wild type

APP-1A) of live AP233 in 10 ml of sterile PBS by percutaneous transtracheal

inoculation, after anesthesia with xylazine (1.65 mglkg) and telazol (4.4 mglkg)

administered intramuscularly. Group 3 received 5 X 10'3 cfu of live AP233

intramuscularly (IM) in 2 ml PBS. Groups 2 and 4 received the same treatment as

Groups 1 and 3, respectively, except that the bacteria were suspended in PBS

containing 5 uglml riboflavin. Group 5 received a fonnalinized whole cell bacterin

prepared from APP-1A containing the equivalent of 5 X 109 cfu per dose in 2 ml of 25%

Emulsigen adjuvant (MVP Laboratories, Ralstan, Nebraska). Group 6 was

unvaccinated controls.

In trial two, four groups (six pigs per group) of six- to eight- week- old APP-free

pigs were vaccinated twice with a 3 week interval. Groups 1 and 2 were vaccinated

with 2 X 109 cfu (400 X the wild type L050) of live AP233 intramuscularly in 2 ml PBS-

Rib. Groups 3 and 4 were sham vaccinated with 2 ml PBS-Rib.

Pigs were monitored for 24 hours post-vaccination for any clinical signs of APP

infection, as described below.
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Experimental Challenge. Two weeks after the second vaccination, all pigs

were challenged with either 1 LDso (5 X 106 cfu) of virulent wild type APP-1A or 1 LDso

(2 X 107 cfu) of virulent wild type APP-5A, by percutaneous intratracheal inoculation

(41). For preparation of the challenge inoculum. bacteria were grown to an 00520 of

0.8 in HIV broth containing 5 mM CaClz. washed once in sterile saline, and diluted in

saline to the appropriate cell density. Pigs were anesthetized by intravenous injection

with ketamine (4.4 mglkg) and xylazine (1.65 mglkg) and inoculated by percutaneous

intratracheal injection with the appropriate dose of bacteria suspended in 10 ml saline.

Clinical signs of pleurapneumania. including increased respiration rate. elevated rectal

temperature, dyspnea, decreased appetite and activity/attitude (depression), were

monitored and scored as previously described (16). Seriously ill animals, as

determined by severe dyspnea and/or depression, were euthanized immediately.

Survivors were euthanized three days post-challenge in trial 1 and four days post-

challenge in trial 2. All animals were necropsied. and lungs were examined

macroscopically for A. pleurapneumaniae lesions, including edema, congestion,

hemorrhage, necrosis. abscess, fibrosis, and pleuritis. The percentage of lung tissue

and pleural surface area affected was estimated for each of the seven lung lobes, and

the total % pneumonia and % pleuritis calculated using a formula that weights the

contribution of each lung lobe to the total lung volume (16). Representative lung

samples were collected for histopathology and for bacterial culture. The neck muscles

of all animals were also examined for any macroscopic signs of injection site reactions

such as granuloma formation. Protection against challenge was measured as a

reduction in mortality, in the severity of lung lesions, and in the severity and duration of

clinical signs as compared to the unvaccinated control animals.

Seralagic analysis of immune responses. Sera were collected from all pigs

on days 0. 21, and 35, Le. prior to the first vaccination, at the second vaccination, and
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at challenge. Antibody titers against APP were quantitated by indirect ELISA against

APP outer membranes (16), hemolysin neutralization (22), and complement fixation

(9)-

Statistical analysis. Statistical analysis of the data was conducted using the

Statistix microcomputer program (Analytical Software, St. Paul, MN) for analysis of

variance (ANOVA) and Epistat (T.L. Gustafson. Round Rock, TX) for nonparametric

analyses.
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RESULTS

Addition of riboflavin to the vaccine inoculum. In preliminary studies, it was

found that riboflavin-requiring strains of APP failed to persist in the porcine respiratory

tract for more than 16-24 hours. To permit expression of infection-associated antigens

by the live attenuated vaccine strain of bacteria after immunization of pigs, we needed

to ensure that the bacteria had sufficient available riboflavin to permit 2-3 generations

of growth in vivo. We determined that addition of 510 pg of riboflavin per ml of the

vaccine inoculum was sufficient to permit this amount of growth, and no more, in vitro.

Therefore, as part of the first vaccine trial, we compared intratracheal (IT) and

intramuscular (IM) administration of the live attenuated vaccine, with and without the

addition of 5 jig/ml exogenous riboflavin.

Safety. Pigs were monitored post-vaccination for any clinical signs of APP

disease, such as fever. dyspnea, and increased respiratory rate, and for injection site

reactions in animals that received IM vaccines. The intramuscular administration of

AP233 as a live vaccine caused no significant clinical signs other than slight depression

and decreased appetite for less than eight hours post vaccination and caused no

injection site reaction. In contrast, bacterin-vaccinated animals showed mild fever.

depression and decrease in appetite for eight to sixteen hours post vaccination. and

injection site granulomas in several cases. lntratracheal immunization with the LAV did

cause slight clinical signs. including increased respiratory rates, fever, decreased

appetite, and mild depression for 8-16 hours post-immunization. These results

demonstrate that the live intramuscular vaccine is at least as safe as, if not safer than,

a fonnalinized whole cell bacterin of the type currently used commercially.

lmmunogenicity. The immune responses of the pigs to vaccination in the first

vaccine trial, were evaluated by ELISA against APP outer membranes (16), hemolysin

neutralization titer (22). and complement fixation (9)(Table 4.1). At challenge, the

bacterin-vaccinated animals showed significant ELISA and complement fixation titers,



101

but low or negative hemolysin neutralization titers. The four groups receiving live

vaccines showed low or negative ELISA and CF titers. However. the animals that were

vaccinated intramusculariy did show significant hemolysin neutralization titers,

indicating that hemolysin was expressed in vivo by the LAV bacteria.

Protection against experimental challenge. In the first vaccine trial, all

vaccine groups were challenged with virulent APP-1A, the homologous serotype to the

vaccine strain. The mortality and clinical data from this homologous challenge are

reported in Table 4.2 and Table 4.3. APP was cultured from the lungs of all the pigs

except for 1 animal in Group 4. All cultures were confirmed as APP-1A by gram stain,

requirement for NAD, and caagglutination. In this experiment, the LAV prepared with

exogenous riboflavin and delivered intramuscularly (Group 4) provided complete

protection against mortality (0/5 animals died) and significant reductions in lung

damage and some clinical signs of pleurapneumania. In contrast, 6/6 unvaccinated

control animals died from overwhelming pleurapneumania as a result of this

experimental challenge. Other LAV formulations, as well as the fonnalinized bacterin,

did not afford significant protection.

Note that the experimental challenge in this case was overwhelming. Normally,

in our hands. the killed whole cell bacterin provides 100% protection against mortality

and some reduction in morbidity; whereas in this experiment, half (3/6) of the bacterin-

vaccinated animals died. In addition, all (6/6) unvaccinated control animals died,

indicating that the dose administered was much higher than the intended wild type

LDso. However. despite the enormous challenge, the group that received the LAV IM

with riboflavin added had significant reductions in mortality and in % pneumonia as

determined by Least Significant Difference (LSD) analysis (p<0.05). No other groups

were significantly different.

The second vaccine trial was conducted to determine whether intramuscular

administration of the LAV, with limiting amounts of riboflavin added to the inoculum,
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could elicit cross-protective immunity against challenge with a heterologous serotype of

APP (APP-5). In this experiment, the concentration of bacteria in the vaccine dosage

was increased four-fold from the dosage previously used; however, the amount of

riboflavin in the dosage was kept constant at 5 jig/ml. Mortality, lung lesion scores.

and clinical scores from trial 2 are shown in Table 4.4 and Table 4.5. It is clear that. as

in trial 1, the challenge doses were still overwhelming. even though flie challenge dose

of APP-1A was decreased to half that administered in trial 1. All sham vaccinated

controls. whether challenged with APP-1A or APP-5, died from severe

pleurapneumania in less than 48 hours. The vaccinated group challenged with the

homologous serotype (Group 1) did show a reduction in mortality and a significant

reduction in clinical signs of APP infection, but no statistically significant reduction in

lung pathology. The vaccinated group challenged with the heterologous serotype

(Group 3) showed slightly, but not significantly, reduced mortality, death time, and

clinical scores. APP of the appropriate challenge serotype was cultured from the lungs

of all experimentally infected pigs.
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Table 4.1 - Seralagic Analysis of Samples Collected at Challenge for Trial 1.

 

 

      

Group Vaccine HNT‘ ELISA-APP12 or (L 2 3

1 Live, IT, PBS 3129 :l: 14785 227 i 90‘ 1.7 :1: 2.8

2 Live, IT, PBS + riboflavin 2520 :l: 741“ 164 i 73” 1.6 a 3.1”

3 Live, IM, PBS 10760 a 6245' 120 :1; 32” 0.0 :I: 0.0”

4 Live, IM, PBS + riboflavin 6293 :I: 2662"-b 236 a; 173” 2.0 :l: 4.0”

5 APP-1A bacterin 3035 :I: 265” 1119 a 170‘ 24.3 a; 7.4'

6 Unvaccinated control 2240 :1: 243° 67 :l: 21° 0.0 :l: 0.0ID
 

1 Hemolysin neutralization titer, <3000 = negative; 3000-6000 = suspect; >6000 = positive. Assays were

performed in the laboratory of Dr. Brad Fenwick, Kansas State University.

2 ELISA vs APP-1 outer membranes; <200 = negative, 200-300 = suspect, >300 = positive. Assays were

performed in the laboratory of Dr. Martha H. Mulks, Michigan State University.

3 Complement fixation test; 0 = negative; >0 = positive; data presented as geometric mean titer. Assays

were performed at the Veterinary Diagnostic Laboratory, Iowa State University.
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Table 4.2 - Mortality and Lung Score Data for Trial 1.

 

 
 

     

Group Vaccine1 Mortality % Pneumonia2 % Pleuritis3

1 Live. IT. PBS 3/5 56.6 :l: 235““ 73.3 a: 39.3I

2 Live, IT, PBS + riboflavin 6/6 63.2 a 6.2“ 66.7 a 51 6I

3 Live, IM, PBS 4/6 57.7 i 23.2” 73.3 a 42.5'I

4 Live, IM, PBS + riboflavin 0/5 24.5 a: 150° 21.5 a: 20.7'

5 APP-1A bacterin 3/6 54.1 a 24.6b 73.9 :I: 41 .2'

6 Unvaccinated control 616 80.9 a 13.2‘ 63.3 :I: 40.6'
 

1 IT: live vaccine administered by intratracheal inoculation; IM: live vaccine administered by intramuscular

injection. Inoculating dose is 5x10a cfu.

Percentage of lung tissue exhibiting A. pleurapneumaniae lesions; results presented as mean :I:

standard deviation.

 

3Percentage of pleural surface area exhibiting pleuritis; results presented as mean :I: standard deviation.

°Values with different superscripts among the six vaccine groups were significantly different (p<0.05) by

Least Significant Difference (LSD) analysis.

Table 4.3 - Clinical Score Data for Trial 1.

 

 

 

      

Group1 RR Maxz Oyspnea3 Depression4 Appetite"5

1 22.0 a; 53' 1.60 i .45“ 1.40 a .55T 2.00 a 71"—

2 19.7 :I: 5.7' 2.17 1: .41' 1.67 :1: .62' 0.75 :l: .96”

3 19.2 a 1.2' 1.63 1 .41“ 1.27 :l: .75' 2.33 :l: 1.21'I

4 16.2 :I: 3.4'I 1.20 1 .75” 0.40 :r .69‘ 0.20 1: .45°

5 23.3 a: 1.6' 1.63 a: .52“ 1.83 a: .75' 1.67 a 1.03“

6 23.0 a: 5.6' 2.33 a .52' 1.83 a: .75' 1.83 :t . 90"

Norm. 6.0 0 0 0

Max. 25 3 3 3
 

; See Table 4.2 for vaccination types.

Maximum respiratory rate observed after challenge. Respiratory rate recorded as number of breaths per

15 sec observation period.

Maximum dyspnea score observed alter challenge. Oyspnea score measures degree of respiratory

distress and labored breathing. Scored as 0 = normal; 1 = slight, 2 = moderate; 3 = severe.

Maximum depression score observed after challenge. Depression score evaluates attitude and activity.

Scored as 0 = normal; 1: slight inactivitjn 2 = moderate; 3 = severe.

Appetite was scored as 0: did eat; 1-- did not eat. Total score = number of 12 hour periods not eating

over 36 hour observation period.

°Values with different superscripts among the six vaccine groups were significantly different (p<0.05)

by Least Significant Difference (LSD) analysis.

3

5
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Table 4.4 - Mortality and Lung Score Data for Trial 2.

 

 

     

Death Time % 3 % 4

Group Vaccine1 Challefle Mortality (hrs)2 Pneumonia Pleuritis

1 APP-1A. APP-1A we 74.0 1 16 53.4 1 26.5'I 51.9 1 343‘-

PBS-Rib

2 PBS-Rib APP-1A 6/6 26.0 1 13.1"° 60.3 1 4.6' 66.7 1 51 .6'

3 APPI-A. APP-5 4/5 40.0 1 26.1b 54.6 1 10.2' 49.0 1 50.1'

PBS-Rib

4 PBS-Rib APP-5 6l6 16.7 1 33° 61.0 1 5.6' 65.6 1 51 .0‘    
1 Live vaccine administered by intramuscular injection. Inoculating dose is 2x10" cfu.

Results presented as mean :I: standard deviation.

Percentage of lung tissue exhibiting A. pleurapneumaniae lesions; results presented as mean :1:

standard deviation.

:“Percentage of pleural surface area exhibiting pleuritis; results presented as mean :t standard deviation.

°Values with different superscripts among the six vaccine groups were significantly different (p<0.05) by

Least Significant Difference (LSD) analysis.

Table 4.5 Clinical Score Data for Trial 2.

 

 

 

      

Group1 RR Max: Dyspnea3 Depression“ Appetites

1 13.7 1 3.015 1.17 1 0.96I 1.17 1 0.96' 0.5 1 055"—

2 19.0 1 3.6' 2.33 1 0.52b 2.17 1 0.75” 2.0 1 0 b

3 15.6 1 1.5" 2.20 1 0.45” 1.60 1 0.45'“b 1.6 1 0.69”

4 14.0 1 2.6b 2.60 1 0.45b 2.20 1 0.45b 2.0 1 0 b

Norm. 6.0 0 0 0

Max. 25 3 3 3
 

; See Table 4.4 for vaccination types.

Maximum respiratory rate observed after challenge. Respiratory rate recorded as number of breaths per

3 15 sec observation period.

Maximum dyspnea score observed after challenge. Dyspnea score measures degree of respiratory

4 distress and labored breathing. Scored as 0 = normal; 1 = slight; 2 = moderate; 3 = severe.

Maximum depression scare observed after challenge. Depression score evaluates attitude and activity.

Scored as 0 = normal; 1= slight inactivity; 2 = moderate; 3 = severe.

Appetite was scored as 0= did eat; 1"- did not eat. Total score = number of 4 hour periods not eating

over 12 hour observation period

6Values with different superscripts among the six vaccine groups were significantly different (p<0.05)

by Least Significant Difference (LSD) analysis.

5
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DISCUSSION

Current commercial bacterin vaccines do not provide effective cross-protective

immunity against all strains of APP. However, infection with a virulent strain of APP

does elicit cross-protection against other serotypes. This suggests that there are

common antigens expressed during infection that elicit cross-protective immunity and

that these antigens may not be present in killed vaccines prepared from bacteria grown

in the laboratory. This was certainly true in the past when APP bacterins were routinely

prepared in media that did not elicit expression of Apx toxins. It remains to be

determined what other in viva specific antigens and virulence factors of APP are

produced as well as the specific environmental stimuli, such as temperature, lack of

available iron, pH, or osmotic conditions, that trigger their production. One way to

produce an APP vaccine that contains these cross-protective antigens, without

identifying them or the growth conditions which induce their production, is to use a

biochemically attenuated strain of APP that is still capable of synthesis of these

antigens and virulence factors as a live vaccine.

The genetically defined riboflavin auxotroph of APP serotype 1 used in these

studies as a live attenuated vaccine is phenotypically identical to its wild type parent

and is fully capable of synthesis of known virulence factors such as extracellular Apx

toxins, outer membrane proteins, lipopolysaccharide, and capsular polysaccharide (7).

In previous attenuation studies (7), we found that AP233, the riboflavin-requiring

vaccine strain, failed to persist in the porcine respiratory tract for more than 16 hours.

Poor persistence of live vaccine strains in viva can lead to a failure to elicit a protective

immune response (29,39). In order to assure that infection-associated antigens would

be expressed by this live attenuated vaccine strain after immunization of pigs, we

needed to ensure that the bacteria had sufficient available riboflavin to permit 2-3

generations of growth in vivo. We determined in vitro that addition of 5 pg of riboflavin
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per ml to our vaccine inoculum containing 5 X 10° cfu was sufficient to permit this

amount of growth.

In trial 1, we compared intratracheal (IT) and intramuscular (IM) administration of

the live attenuated vaccine, with and without the addition of 5 pg/ml exogenous

riboflavin. Intramuscular vaccination with the live attenuated riboflavin-requiring

APP mutant, with the addition of a limited amount of exogenous riboflavin. led to

complete protection against mortality and to significant reductions in lung damage and

clinical signs of pleurapneumania. lntratracheal immunization with the same dosage of

live vaccine did not elicit the same degree of protective immunity. As predicted, the

addition of a limited amount of riboflavin to the live vaccine inoculum did improve the

efficacy of the vaccine, at least with lM immunization, most probably due to improved

persistence of the vaccine strain in vivo. We did not predict that IM immunization

would be more effective than the intratracheal route. This could be due to dispersal of

the IT dosage throughout the lung, and subsequent lack of containment of enough

riboflavin in close proximity to the bacterial cells to permit sufficient in viva replication

and persistence. It is also possible that intratracheal inoculation circumvented

important antigen sampling sites in the nasal passages that are implicated in the

generation of a protective immune response (43).

The live vaccine administered intramuscularly did not provide complete

protection against clinical signs of pleurapneumania in this experiment. We suggest

two possible reasons for this result. First the challenge administered, although

designed to be an LDso dose, was overwhelming, with 6/6 control animals killed in less

than 24 hours and 3/6 animals vaccinated with a bacterin that usually affords significant

protection also killed. Second, the dose of live vaccine used was daterrnined based on

the dosage that could be safely administered intratracheally. It should be possible to

use a higher dose for intramuscular immunization without adverse effects.
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Seralagic analysis indicates that both forms of IM vaccination elicited high toxin

neutralization titers, but not significant ELISA or complement fixation (CF) titers.

However, only the IM vaccination with riboflavin elicited good protection. In contrast,

the whole cell bacterin elicited strong ELISA and CF titers, but elicited no hemolysin

neutralizing antibody and did not confer adequate protection against severe challenge.

This strongly suggests that the current serologic tests are not truly indicative of

protective immune responses. Certainly the antigen preparation used for this ELISA,

which is comprised of APP outer membranes prepared from bacteria grown in brain

heart infusion, does not contain APP antigens that are only expressed in viva.

Therefore, if antibodies against in vivo expressed antigens are critical to protection. an

accurate measure of the protective immune response would not possible with this

ELISA.

In the second vaccine trial, we attempted to duplicate, and perhaps improve, the

homologous protection seen in trial 1 and to extend mesa results to include

heterologous protection. However, there was a significant loss in homologous

protection in trial 2 as compared to trial 1, and we failed to achieve significant

heterologous protection. We believe this is the result of increasing the dosage of

AP233 fourfold without correspondingly increasing the amount of riboflavin in the

dosage. In the second trial, there was one-quarter the amount of riboflavin available to

each organism and thus not enough to allow sufficient growth in viva. Therefore this

vaccination was analogous to a bacterin vaccine. which we know is not entirely

protective against pleurapneumania in our challenge model. Because of this lack of

consistency in our two trials, we are unable to prove conclusively the degree to which

AP233 is protective against both homologous and heterologous challenge.

It is also interesting to note that we recently began acquiring our specific

pathogen free pigs from a high health status herd and using the new Biosafety Level 2

Michigan State University Research Containment Facility. We have determined that



109

the L050 for these animals kept under these very clean conditions is at least two fold

and likely a full log lower than had been previously established for a typical hard in a

more typical environment. It is evident that we will need to re-establish an LDso dosage

for future experiments in order to obtain accurate protection data. This may also have

implications for many of the high health status herds which are being managed to

prevent diseases like pleurapneumania as these herds may be extremely sensitive to

potential outbreaks of disease.

In summary, a deletion-disruption riboflavin mutant (AP233) of APP serotype 1

(ATCC 27088) which requires riboflavin for growth is highly attenuated in the porcine

host. causing no clinical signs, no typical pleurapneumanic lung pathology. and no

mortality. AP233 was tested as a live attenuated vaccine, prepared either with or

without the addition of riboflavin to the vaccine inoculum and delivered either

intratracheally or intramuscularly. Intramuscular vaccination with 5 X 108 cfu of live

AP233 with 5 pglml of exogenous riboflavin provided complete protection against

mortality and significant reductions in lung damage and clinical signs of

pleurapneumania. However, intramuscular vaccination with 2 x 109 cfu of live AP233

and 5 pg/ml of exogenous riboflavin provided only moderate protection against

homologous challenge and minimal protection against heterologous challenge. We will

need to repeat these vaccination experiments, altering the concentration of bacteria

and/or the amount of riboflavin in the vaccination inoculum and lowering the challenge

dose before conclusively evaluating the protective effects of vaccination with AP233.
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ABSTRACT

To aid in the identification of genes involved in the pathogenesis of APP

infection. we have developed an in viva expression technology (IVET) system to

identify APP gene promoters that are specifically induced in viva during infection. A

functional APP IVET system requires a defined biochemically attenuated APP mutant.

the wild type biochemical gene(s) from a different source that can complement the

mutation, a readily quantifiable reporter gene with no background in APP and a delivery

vector. We have constructed an APP mutant that lacks most of the operon required for

synthesis of riboflavin and that fails to survive in viva. When the ribBAH genes from

Bacillus subtilis were cloned into this Rib- mutant under the control of a functional APP

promoter, both ability to grow without riboflavin and virulence were restored. We have

shown that the quAB genes from Vibria harveyi can be used to monitor gene

expression in APP and that APP is not natively bioluminescent. Our initial APP-IVET

promoter-trap vector (pTF86) contains, in sequence, the T4 terminator, a unique

BamHI site, a promoterless copy of the B. subtilis ribBAH genes, and a promoterless

copy of the V. harveyi quAB genes in the E. cali-APP shuttle vector pGZRS-19.

Plasmid pools were constructed by cloning Sau3A fragments from APP into the BamHI

site in pTF86 and fiansforming into the APP Rib- mutant Pigs were infected with pools

of 400 transforrnants by endobronchial inoculation and surviving bacteria isolated from

the pigs' lungs at 12 to 24 hours post-infecfion. Only those transformants containing

cloned promoters active in viva should have survived due to expression of the cloned

ribBAH genes. Strains that survived in viva, but which minimally expressed Lux in vitro.

should contain cloned promoters that are specifically induced in vivo. We report the

identification of 5 clones containing promoters that are induced in viva (during

infection). Two of these clones were putatively identified by amino acid sequence

similarity as the secE-nusG operon and the mrp gene. This is the first report of an

IVET system for use in the family Pasteurellaceae.
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INTRODUCTION

Actinobacillus pleurapneumaniae (APP) is the causative agent of an

economically devastating. acute necrotizing hemorrhagic bronchopneumonia with

accompanying fibrinous pleuritis (4,12,19,29). We have chosen to use APP as a model

system to study the pathogenesis of respiratory disease in order to identify potenfial

targets for the development of new live vaccines and antibiotics. There are many

characteristics which APP shares with other members of the family Pasteurellaceae.

For instance, RTX type toxins are also produced by Actinobacillus suis and Pasteurella

heemolytica (30). Also, as with Pasteurella multocida and Pasteurella heemolytica,

there are multiple antigenic serotypes (24,30), and killed whole cell bacterins provide at

best serotype-specific protection or no signifcant protection (2022.26.30.33) while

natural or experimental infection elicits good cross-protective immunity (20.21.23.30).

This suggests that there are cross-protective antigens expressed in viva which are not

expressed during in vitro growth for bacterin production.

Historically. research on this and other pathogens has focused on the studies of

antigens expressed in vitro; however, this at best only gives a fractional picture of

virulence-associated characteristics. Increasing attention is being given to the

environmentally-stimulated regulatory mechanisms that modulate bacterial attributes in

the host (9.10.16). Known environmental regulatory signals for bacterial virulence

genes include temperature, osmotic strength, pH, oxygen levels. availability of iron,

calcium levels, carbon sources. urea, growth phase, stress, starvation and availability of

other nutrients such as amino acids (9.10.16). Attempts to mimic host environmental

conditions during in vitro growth have demonstrated that there are many differences in

gene expression in response to various environmental signals. A serious limitation of

this technique is the multitude of environmental factors that can induce gene

expression. One or more of these factors, individually or in combination, could produce

a wide variety of responses in the pathogen. Which combination of known
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environmental stimuli are important at any given stage of infection is virtually impossible

to determine in vitro. In addition, there may be many environmental conditions currently

undiscovered in the host which have a significant effect on gene expression.

Another method for studying these antigens is to use convalescent antisera to

directly compare the antigenic profiles of bacteria isolated directly from the site of

infection with bacteria that have been cultured in the laboratory. We have used

bronchoalveolar lavage (BAL) to recover bacteria directly from the lungs of infected

pigs and have demonstrated that there are indeed differing immunogenic bands on

Western blot with convalescent pig sera as compared to bacteria cultured in the lab

(18). This technique is also restrictive because it will only identify antigenic differences

and will not identify regulatory or non-immunogenic factors. Also, further analysis of

these factors is limited by the ability to identify, clone and express these antigens in

vitro.

In view of these limitations, genetic technology has emerged to the forefront as a

means to study bacterial pathogenesis. Genetic techniques have been recently

described that can be used to identify genes that are specifically induced only during

infection and not during growth on standard laboratory media. The power in these

techniques is that they can identify genes required for survival in the host such as

enzymes necessary for production of critical growth factors not available in viva (e.g.,

purines and aromatic amino acids), factors which allow survival within host cells (e.g.,

enzymes that inactivate phagocytic killing mechanisms), or even toxins that have not yet

been identified because they are not produced under standard in vitro culture conditions

(16). Identification of such in viva expressed genes should lead to further insights into

the pathogenesis of APP disease as well as to identification of important antigens for

inclusion in subunit vaccines and to development of defined avirulent mutants for use as

live vaccines.
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Four genetic methods for the study of bacterial pathogenesis have been

described to date: subtractive hybridization, in viva expression technology (IVET).

resolvase based-IVET and signature-tagged mutagenesis (STM). Subtractive

hybridization is based on identifying differences in RNA transcripts (34) between

bacteria isolated from an infected animal and bacteria grown in the laboratory.

Limitations may be the technical difficulty in isolation and manipulation of bacterial RNA

to obtain a cDNA clone, and the results may change dramatically depending on the

stage of infection at which bacteria are isolated necessitating a large number of

animals in order to truly perform a saturation study of all the genes involved in

pathogenesis. Also, this technique will tend to identify "all or none” expressed genes

rather than in viva induced genes which have some level of constitutive expression.

A second method termed IVET has been developed which allows positive

selection of bacterial genes that are specifically expressed during infection and has

been used to identify in viva induced genes in the pathogen Salmonella typhimurium

(15,32). The basis of this system is to use a tandem set of in vivo and in vitro

promoterless "reporter” genes to identify promoters and genes in random genomic

fragments which are turned on specifically in the host. The host organism is a

biochemically attenuated mutant which is unable to survive unless complemented by

expression of the wild type biochemical genes driven by a cloned promoter (in viva

"reporter“ gene). Bacterial strains that survive in vivo are isolated and expression of the

in vitro reporter gene is measured. The reisolated strains which do not express the

quantifiable reporter gene contain ivi (in viva induced) promoters that are turned on in

viva and off in vitro. Knock-out mutants of three different S. typhimurium ivi genes

(carAB, pheST-himA, rib) have been shown to be attenuated in mice (15).

Modifications of this system using different promoterless genes for the selection

process, such as chloramphenicol acetyltransferase (16), have been developed.

Cloned promoters are selected for expression during infection by treating with the
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antibiotic and isolating surviving bacteria. These antibiotic selections would appear to

function best in tissue culture or in small animal models rather than in large animal

models because of phannacokinetics. Another system to identify in viva expressed

genes has been developed for use in the intracellular pathogen Legioneiia

pneumaphila. using an avinilent thyA mutant. an independently replicating plasmid, and

infection of a macrophage cell culture rather than an intact host (13,25). Finally, a

modified IVET system has been developed for use with Pseudomonas aeruginosa

consisting of an avinilent purEK mutant, plasmid pBR322, a promoterless purEK

operon and a mouse model of infection (35). The major limitation with the IVET

technology is its ability to recover only promoters which are expressed throughout the

infection process. Promoters which are expressed only transiently or during latter

stages of infection will not be recovered because of fl'IS lack of complementation and

thus the lack of survival of the biochemical mutant.

The remaining two technologies are designed to overcome the limitations

of IVET and subtractive hybridization and can identify genes that are expressed only

transiently or at low levels. Signature-tagged mutagenesis (STM) overcomes the

problem of an IVET type system in that genes do not have to be expressed during the

entire infection process to be reisolated. In this system, transposons carrying unique

DNA sequence tags are used to construct a collection of mutants by insertional

mutagenesis (11). The pool of mutants is used to infect a host animal, and surviving

bacteria are recovered from the infected host after several days. Using the unique DNA

sequence tags to make probes, it is possible to identify which specific members of the

original mutant pool are absent upon recovery of bacteria from the host. These mutants

are predicted to carry mutations in genes necessary for survival in the host. The STM

system is not yet applicable to A. pleurapneumaniae, since the transposon's (Tn5)

antibiotic marker does not appear to function in APP. The system also requires the

generation of individually tagged transposon mutants of each new organism to be
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studied, and in large animal models the entire surviving pool will be difficult to reisolate,

possibly leading to the false identification of mutants as unable to survive. A certain

subset of virulence genes (e.g. toxins) will likely not be identified because other clones

in the pool will express them and the transposon mutant will be able to replicate normally

even though it is not able to express these genes.

The fourth and perhaps most promising selection system based on resolvase

activity uses in viva induction of tnpR resolvase, a site-specific recombinase of the

transposable element ya, to induce a heritable, detectable genetic change. In this

system, even brief expression of the promoterless resolvase by a cloned promoter

results in excision of a tetracycline resistance cassette flanked by direct repeats of the

DNA sequence at which the resolvase functions (1). Any bacterial cell in which the

resolvase is expressed will give rise to progeny that are tetracycline-sensitive. This

selection system has the power to identify promoters that are only transiently expressed

in viva because all strains survive whether or not the promoter is inactive, turned on

transiently, or turned on constitutively during infection. A second limitation as it currently

exists is the reliance on a negative selection requiring replica plating of colonies to

determine whether they have lost antibiotic resistance. Another limitation is the

sensitivity of the system; it can be too sensitive yielding a high level of background with

the false identification of genes being turned on. Another limitation is that all promoters

turned on in viva will be identified. not just those that are in viva specific; thus, pre-

screening of the pools is required to eliminate in vitro-expressed clones. As a result, this

system will likely not identify genes that are minimally to moderately expressed in vitro

and induced in viva. It is not yet clear whether this system could be made to function in

APP.

Many of the genes identified as having promoters specifically turned on in vivo

or as being required for survival in viva (1,11,15,35) have been genes involved in the

biosynthesis of purines, pyrimidines, and essential amino acids, such as purD, pyrE,
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and carAB, while others have been genes known to encode vimlence factors. such as

invA. invG, sva, fedB. and virB or even transcriptional regulators such as Fur.

Previously identified genes have been divided into four different classes of ivi

expressed genes: 1) enzymes in critical biochemical pathways; 2) known virulence

factors, or genes involved in the synthesis of such factors. such as genes for LPS

biosynthesis/modification; 3) new genes, not identifiable by comparison with known

sequence data; and 4) genes involved in transcriptional regulation or signal

transduction. In vivo expressed genes that can be identified as steps in critical

biochemical pathways, such as purine biosynthesis, may be targets for the production

of knock-out mutants to be used as live avirulent vaccines or may be targets for a new

generation of antibiotics.

In this study, we report the construction and utilization of a modified IVET

system for APP based on an attenuated riboflavin mutant of APP, the shuttle vector

pGZRS-19 (36), the T4 terminator, the Bacillus subtilis ribBAH genes and the quAB

genes from Wbrio harveyi. Using this system initially with a limited number of clones.

representing approximately 10% of the number required to be truly representative of

the entire genome. we have identified five clones that are specifically induced in viva.

Two of these clones have been putatively identified as clones of the secE-nusG operon

and the mrp gene. The identity of the other clones remains undetermined. but they will

perhaps be the most interesting clones as no homologous genes have previously been

sequenced.
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MATERIALS AND METHODS

Bacterial strains and media. A. pleurapneumaniae strains were cultured at 37

°C in either brain heart infusion (BHI) or heart infusion (HI) (Difco Laboratories, Detroit,

MI). containing 10 pglml B-NAD (V factor) (Sigma Chemical Company. St. Louis, MO).

Riboflavin (Sigma) was added to a final concentration of 200 pglml as necessary. E.

coli strains were cultured in Luria-Bertani medium. Ampicillin was added to 100 pglml

for plasmid selection in E. coli strains. For A. pleurapneumaniae strains, 50 pglml

ampicillin was added except for selection after electroporation which was done with 20

pglml ampicillin.

DNA manipulations. DNA modifying enzymes were supplied by Boehringer-

Mannheim Biochemicals (Indianapolis, IN) and used according to the manufacturer‘s

specifications. Genomic DNA was prepared according to the lysislproteinase K method

of the Gene Fusion Manual (31). Plasmid DNA preparations, agarose gel

electrophoresis. and E. coli transformation were all performed by conventional methods

(27).

PCR. PCR was performed to eliminate Xbal and BamHI restriction sites and to

introduce Sphl sites in the 5' and 3' ends of the quAB genes. Primers were MM43 (5'-

GCA-GCA-TGC-ACT-AGA-GGA-ACC-CCA-TG-3')for the forward and MM44 (5'-GCA-

GCA-TGC-G‘IT-AAA-CGT—TAC-GAG-TG—3') for the reverse direction. The PCR

reaction was carried out using Vent polymerase (New England Biolabs, Beverly, MA),

450 pmol of each primer. 100 ng of the pRL10626 template, 2 mM MgSO4 with 2mM

dNTPs in a reaction volume of 100 ul. Reaction conditions were repeated for 30 cycles

with 1 minute at 95°C for denaturing, 1 minute at 48°C for annealing and 2-1/2 minutes

at 72°C for polymerization. The desired 2.2 kb PCR product was purified by phenol-

chloroform extraction, restriction digested with Sphl and isolated by purification from an

agarose gel with the QIAEX gel extraction kit (QIAGEN, Chatsworth. CA).
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Electroporation of A. pleurapneumaniae. AP233 was grown in 100 ml BHIV

+ riboflavin at 37°C, with shaking at 150 RPM, to an 00520 of 0.7. Cells were chilled

on ice and centrifuged at 5,000 x g at 4°C for 10 min. Cells were washed twice in 10.0

ml ice cold sterile 15% glycerol. Cells were resuspended in 2.0 ml 15% glycerol and

frozen in 50 pl aliquots using a dry ice-ethanol bath. Plasmid DNA was added to an

aliquot of competent cells thawed on ice and then transferred to a 0.1 cm gap

electroporation cuvette (BioRad. Hercules, CA). Cells were electroporated using a

Gene Pulsar ll (BioRad) with the following settings: voltage. 1.8 kV; resistance, 200 a;

capacitance, 25 de. Cells were allowed to recover in BHIV + riboflavin at 37°C with

slow shaking for approximately 3 to 4 hours before plating on selective media.

Experimental infections. Eight-week-old specific-pathogen-free castrated

male pigs (Whiteshire Hamroc, lnc., Albion, IN) were housed in separate cage units in

BSL-2 isolation rooms at the Michigan State University Research Containment Facility.

All experimental protocols for animal experiments were reviewed by the Michigan State

University All University Committee on Animal Use and Care, and all procedures

conformed to university and USDA regulations and guidelines.

For preparation of challenge inocula, each pool of approximately 100

transfonnants was added to 3 ml HIV + 5 mM CaCIz + riboflavin + ampicillin to produce

a starting 00520 of 0.2. Pools were grown in 20x100 mm culture tubes, at 37°C with

shaking at 160 RPM, to an 00520 of 0.8. Appropriate amounts of each pool were

combined to produce 10.0 ml culture containing ~ 2 X 106 cfu each of 300-400

individual strains. The combined culture was harvested by centrifugation at 2100 x g at

room temperature and washed once with sterile PBS pH 7.0 with 5 pglml riboflavin

(PBS-Rib). The cell pellet was resuspended in 10 ml of PBS-Rib and diluted to obtain

the desired 8 x 10° cfu dose.

For the challenge procedure, pigs were anesthetized by intravenous injection

with xylazine (1.65 mglkg) and telazol (4.4 mglkg) and inoculated by shallow
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endobronchial injection with the 8 x 103 cfu suspended in 10 ml saline. Clinical signs of

pleurapneumania. including increased respiration rate, elevated temperature, dyspnea,

decreased appetite and depression were monitored and scored as previously described

(14). Animals were euthanized at approximately 12 hours post infection. All animals

were necropsied. and lungs were examined macroscopically for A. pleurapneumaniae

lesions, edema, congestion, hemorrhage, necrosis, abscessation, fibrosis and pleuritis.

APP strains were recultured by one of two methods. Bronchoalveolar lavage (BAL)

(18) was performed by insertion of a tube into the lungs followed by the instillation and

recovery of PBS-Rib. The recovered BAL fluid was first centrifuged at 450 x g to pellet

eukaryotic cells or extraneous tissue and then the supematant was centrifuged at 2100

x g to pellet any bacterial cells. The pellet was resuspended in 1 ml of PBS-Rib and

either used directly for Lux quantitation or diluted appropriately for plate counts and

recovery of single colonies. The second method consisted of excising the lungs and

using sterile scalpel blades to make incisions every 1-2 cm which were swabbed with

sterile cotton-tipped applicators and cultured onto BHIVR2°°A5° agar plates.

Lux Analysis: Qualitative screening of strains for expression of the quAB

genes in vitro was performed on a Hamamatsu C1966 Photonic Microscope System.

Briefly, colonies on agar plates were exposed to 50 pl of N-decyl aldehyde distributed

evenly on a glass petri dish lid. The plate was analyzed using appropriate sensitivity

settings, which varied with the amount of expression by the colonies on each plate.

Final screening to select clones for quantitation after eliminating strong Lux-i- colonies '

was done with an aperture setting of 11, digital gain of 2 and photon counting for 59

seconds. Quantitative analysis of Lux expression was performed using a Turner Model

20a Luminometer. N-decyl aldehyde (Sigma) substrate was made by dissolving 20

mglml Essentially Fatty Acid Free BSA (Sigma) in 1.0 ml of H20 with 1 pl/ml N-decyl

aldehyde. This mixture was sonicated in a glass screw cap test tube for approximately

1 hour to disperse the N-decyl aldehyde into micelles. For analysis, 20 pl of the culture
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was mixed with 20 pl of substrate in polypr0pylene Iuminometer cuvettes (Turner

Designs, Sunnyvale, CA) and mixed for 10 seconds. The mixture was then read in full

integral, autoranging mode with a pre-delay of 0 seconds, delay of 10 seconds. and

integration time of 30 seconds. Luminometer readings were normalized to micro-

relative light units per colony forming unit (pRLUICFU) with the number of bacteria in

the sample as determined by plate counts on selective media. or by normalizing to the

00520when in pure culture.

DNA/Protein sequence analysis. Nucleotide and amino acid sequences were

searched against the GenBank database using the FASTA and TFASTA functions of

the GCG Programs (8). All alignments, calculated percent identities. and similarities

reported were made using the GAP function of the 606 Programs (8).
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RESULTS

In order to construct an IVET system we need an attenuated biochemical

mutant and a vector which contains the following: random chromosomal DNA

fragments from the organism, promoteriess wild type biochemical genes from a

different organism to complement the attenuating mutation, and a

quantitative/qualitative reporter gene. We have previously reported the cloning of the

riboflavin operon from APP (6) and the construction of a defined deletion-disruption

riboflavin mutant of APP that is attenuated in swine (7). In this paper, we report the

construction of an APP IVET vector and its use in our riboflavin auxotroph to identify in

viva induced genes in Actinobacillus pleurapneumaniae.

Verification of complementation by Bacillus subtilis ribBAH genes. A 2.7

kb EcoRV fragment containing a promoterless copy of the ribBAH genes from Bacillus

subtilis strain 168 was excised from plasmid pRF2 (provided by Dr. John Perkins,

OmniGene Bioproducts Inc.. Cambridge, MA) and ligated into the Smal site of pGZRS-

19 (36) to construct plasmid pTF74. This plasmid was electroporated into AP233. a

riboflavin-requiring, nalidixic acid and kanamycin resistant attenuated mutant of APP

serotype 1. The restoration of virulence was determined as described previously (7). A

dosage of AP233 + pTF74 equivalent to the wild type L050 was administered to 3 six-

to eight-week-old pigs, resulting in significant signs of pleurapneumania including

increased respiration rate, dyspnea, depression. loss of appetite and pneumonia and

pleuritis as determined by necropsy. These results indicate that the B. subtilis ribBAH

genes are able to complement the AP233 riboflavin mutation in trans as AP233 is

normally unable to cause disease at a dosage which is 500 times the established wild

type L050.

Verification of Lux Activity in Actinobacillus pleurapneumaniae. A

promoterless quAB operon from Vibrio harveyi was cloned in both orientations into the

APP-E. cali shuttle vectors pGZRS-18 and pGZRS-19. When the resulting four
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plasmids were transformed into AP233 and screened for Lux activity. all four conferred

detectable Lux activity, indicating background expression from unidentified promoters in

both vectors. In contrast, neither AP233 alone nor AP233 containing either pGZRS-18

or pGZRS-19 showed detectable Lux activity, indicating that there is no native

bioluminescence in APP.

Construction of the IVET Vector: pTF86. Figure 5.1 outlines the construction

of the IVET vector pTF86. A 2.3 kb fragment containing the promoterless quAB genes

was cloned from pRL10626 (provided by Dr. Peter Walk, MSU-PRL, East Lansing, MI)

by PCR, replacing the Xbal/BamHl sites with Sphl sites for insertion into pGZRS-19 to

make pTF77b. The 2.7 kb EcoRV fragment containing the promoterless B. subtilis

ribBAH genes from pRF2 was blunt-end ligated into the Klenow-filled Hindlll site of

pTF77b to make pTF85. The T4 terminator from pJFF224-NX (5) was inserted into

pTF85 on a 0.3 kb Kpnl-Xbal fragment to make pTF86. There is a unique BamHI site

upstream of the promoterless quABzribBAH fusion into which Sau3A fragments can be

cloned. AP233 containing pTF85. which does not contain the T4 tanninator, is able to

grow without riboflavin and is weakly Lux positive. pTF86 is unable to grow without

riboflavin and is Lux negative. indicating that the T4 terminator does indeed prevent

background expression from the pGZRS-19 vector.

Construction of an APP promoter library in pTF86. Chromosomal DNA

fragments generated by digestion with Sau3A, 0.4 to 1.0 kb in size. were purified from

an agarose gel and ligated into the BamHI site in pTF86. The ligation mix was

electroporated into AP233. Single colonies were selected, and sub-cultured onto

BHIVR2°°A5° plates in groups of 100. Colonies were washed off each plate and frozen

at -70°C in HIVR broth + 5 mM CaCI2 + 20% glycerol.

In vivo screening of IVET clones. An initial library of 1800 clones was

screened for the identification of chromosomal fragments containing in viva induced

promoters (Figure 5.2). Groups of 300 to 400 clones were used to infect pigs by
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endobronchial inoculation. At either 10, 24 or 48 hours post infection, the pigs were

euthanized and necropsied. and surviving bacteria were isolated from the lungs.

Screening of this pool of clones in vitro before in viva passage demonstrated that

approximately 90% to 95% of the pool was composed of strains which had minimal or

no Lux expression, presumably containing no functional promoters or promoters which

were not expressed in vitro, and that 5% to 10% were Lux+. After reisolation from

infected pigs, the entire pool was approximately 1% Lux- and 99% Lux+, indicating a

strong selection in viva for those clones which had promoters expressed in viva.

Quantitation of In vivo induced (ivi) clones. A total of 750 individual colonies

were isolated from four pigs infected with the IVET pools. An example of the range of

promoter activity observed during primary qualitative screening is shown in Figure 5.3.

Clones with expression between the negative controls (pTF86 and pGZRS19) and a

minimally expressed clone (IVF) are selected for further analysis. Clones containing

strong in vitro expression (e.g. IVH) are likely to not be induced in viva. Forty-six

reisolated clones were selected during a primary screen on agar plates as being Lux

negative or as having relatively minimal Lux expression. Sixteen additional clones were

selected that contained strong in vitro promoters for future promoter studies as little is

known about APP promoter structure. All 62 clones were assayed for Lux activity in

vitro (Figure 5.4) and those with an activity of less than 200 RLU/OD520 were partially

sequenced with a primer reading upstream of the quA gene in plasmid pTF86. The 20

selected clones that were sequenced represented 5 unique clones.

Recovery of pTF85. As a positive control in a preliminary experiment, pTF85

(Figure 5.1) was included in an equimolar amount with 300 other clones. This clone

was reisolated after 24 hours and was confirmed by sequencing to demonstrate the

lack of a Sau3A insert and T4 terminator. The reisolation of this clone, with Lux activity

of only 75.9 RLUs per ODS-4, indicates that this system is extremely sensitive to

expression by a cloned promoter.
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Lux Activity of Selected NET Clones
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Figure 5.4 - In Vitro Quantitative Lux Analysis of Selected IVET Clones.
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Sequence comparison. TFASTA and FASTA searches were performed

against the GenBank database with either the nucleotide sequence or predicted amino

acid sequences of the IVET clones. and two of the clones were putatively identified.

The predicted amino acid sequence from IVA had 54.8% similarity and 45.2% identity

with the Mrp (methionyl t-RNA synthetase related protein) from Haemophilus influenzae

and 61.3% similarity and 45.2% identity with E. coli Mrp protein (Figure 5.5). The 31

amino acid overlap shown in Figure 5.5 occurs 50 amino acids from the amino terminus

of E.cali Mrp (a 369 amino acid polypeptide) .

Amino Acid Alignment of APP IVA with E. coli Mrp

APP MPFAWNSGFEALKADTEVKLKQVTGANEVKW

lll.|:|:|l.l|.:....| .:l|l..:.l

E.c. ...TLHVELVMPFVWHSAFEELKBQCSAELLRITGAKAIDWKLSHNI...

Amino Acid Alignment of APP IVA with H. Influenzae Mrp

APP MPFAWNSGFEALKADTEVKLKQVTGANEVKW

=|||Il|| |-l|---- l--|=-- =Il

8.1. ...TLRIELQLPFAWNSGAEQLKQAVSDALLKATDCKLIKWAVAYQI...

Figure 5.5 - Amino Acid Alignment of NA and Mrp. Identical residues are indicated

with " | " and conserved residues are indicated with "z " or " . "



135

The two predicted ORFs within the sequence for IVF were homologous to the

carboxy terminus of SecE (a 127 amino acid polypeptide) and the amino terminus of

NusG (a 181 amino acid polypeptide) which are separated by two nucleotides in E. coli

and co-transcribed. ORF1 (25 amino acids) was 88% similar and 60% identical with the

carboxy terminus of Haemophilus influenzae SecE and 88% similar and 64% identical

with the carboxy terminus of Escherichia coli SecE. ORF2 (40 amino acids) was 63.3%

similar and 55.3% identical with NusG from Haemophilus influenzae and 60% identical

and 54% similar with NusG from Escherichia coli. (Figure 5.6).

The remaining three ivi clones could not be assigned a putative identity based

on their sequence.

Measurement of In vivo induction. To confirm that the reisolated clones had

indeed been induced in viva, each clone was quantitated for Lux expression in viva.

One clone which contained a good constitutive promoter (IVH) was used as a control

for the regeneration of virulence of AP233. Another previously identified clone

containing a weak in vitro and in viva promoter and partial ORF putatively identified as

a thioredoxin (TrxA) homologue was also included in these experiments. A dosage of 5

x 103 cfu of each IVET clone was administered to six- to eight-week-old pigs by

endobronchial instillation. After eight hours. animals were euthanized and

bronchoalveolar lavage (BAL) was performed to reisolate surviving bacteria. Animals

infected with all IVET clones except the pig containing the TrxA clone showed

significant clinical signs and evidence of acute pleurapneumania at necropsy. Bacteria

obtained by BAL after differential centrifugation to remove eukaryotic contaminants

were immediately assayed for Lux activity and plate counts of viable bacteria were

determined to standardize the readings. Each clone was induced in viva ranging from

8 to 88 fold induction (Figure 5.7) except the trxA clone which was unable to be

accurately quantitated due to the lack of survival within the host.
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Amino Acid Alignment of APP IVF with H. Influenzae SecE

APP WSLVLWGIDSIIVTLVTFLTNLRF

:.Il.:l::llllll::.lll:lll

3.1. . . .TMIASLE‘FWAVDSIIV‘I‘VINFLTDLRF

Amino Acid Alignment of APP IVF with H. Influenzae NusG

APP MSEVENTEATKMRWYVLQAFSGFENRVAVTLRDISNYTKW

-|:l...|-llllllllllll.|ll=|||=- .

8.1. MTEETTVSKKRWYVLQAFSGFESRVALTLREYIKQQQMEDQFG...

Amino Acid Alignment of APP IVF with E. coil SecE

APP WSLVLWGIDSIIVTLVTFLTNLRF

I:Il:lll:l:l:l ll.l:l.lll

rs. c. . . .TAVMSLILWGLDGILVRLVSFITGLRF

Amino Acid Alignment of APP IVF with E. coil NusG

APP MSEVENTEATKMRWYVLQAFSGFENRVAVTLRDISNYTKW

-I|-|-l|ll=|l|||I|-|l|--Il= -

8.6. MSEAPKKRWYVVQAFSGFEGRVATSLREHIKLHNMEDLFG...

Figure 5.6 - Amino Acid Alignment of IVF and SecEINusG. Identical residues are

indicated with " | " and conserved residues are indicated with ": " or " . "
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Figure 5.7 - In Vivo Induction of IVET Clones. Fold induction is indicated above each

in viva bar.
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DISCUSSION

In this study we report the construction of an IVET system for use in

Actinobacillus pleurapneumaniae. To our knowledge, this is the only IVET system

which has been made specifically for use in an infection model of the pathogen's

natural host rather than a laboratory animal or tissue culture model. We have

demonstrated that a functional IVET vector can be constructed with the E. cali-APP

shuttle vector pGZRS-19 (36), the T4 tanninator, the promoterfess wild type riboflavin

biosynthesis genes (ribBAH) from Bacillus subtilis and the promoterless luxAB reporter

genes from Vibrio harveyi. We have shown that the Bacillus subtilis genes can

complement the riboflavin mutation in AP233 restoring the ability to grow without

riboflavin and restoring virulence. We have shown that there is no background

bioluminescence in APP and that the luxAB genes can be used as a simple and

quantifiable reporter of gene expression in APP. Finally, our IVET system has been

used to identify 5 specifically in viva induced genes which are likely to be important for

survival in vivo or virulence.

Two of the in viva induced clones have been putatively identified based upon

their sequence homology as clones of the secE-nusG (3. 28) operon and the mrp gene

(2). SecE is an essential integral cytoplasmic membrane protein necessary for the

signal sequence dependent export of proteins (3.28). It is likely that the increase in in

viva expressed proteins (e.g. transferrin binding protein) which contain a signal

sequence for export may require a concomitant increase in the secretion machinery

necessary for its export. It is unknown what role the NusG protein. known to be

involved in lambda antitennination. plays as no bacteriophage have been previously

identified in APP; however, in E. coli NusG has been shown to be essential for viability

and perhaps this protein also may play a role in the antiterrnination regulation of

virulence genes. The Mrp protein has been putatively identified as a potential ATPase

(2) which may be involved in the salvage of nucleosides in viva for production of
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recycled nucleotides or for obtaining carbon. nitrogen or energy. One other possibility

is that mrp gene expression by virtue of its overlap in the antisense orientation with a

metG promoter, can regulate the expression or activity of methionyl t-RNA synthetase

(2). It remains to be determined what the exact role for these clones and the

unidentified clones is in the pathogenesis of APP.

We have had some problems identifying significant in viva induction and

obtaining exact quantitative numbers for our IVET clones in viva. Part of this problem is

that the riboflavin mutant AP233 is unable to survive well when diluted and plated for

colony counts. Another potential problem is that a clone containing the IVET vector

with a strong constitutive promoter (IVH) also appeared to be induced in viva. It is

unknown whether this induction is due to experimental artifact or whether it is indeed

induced 9 fold in viva. If this alone is not induced in vivo and represents the error in our

measurement, then perhaps only clones IVB, IVE and IVF (secE-nusG) are truly

induced in viva. However, the vimlence of AP233 containing these IVET plasmids can

also yield important information. For example, the weak trxA promoter in the IVET

plasmid in AP233 did not restore virulence even at 100 times the normal wild type L050

dosage, indicating there was not enough expression of the wild type rib genes to

overcome the attenuating mutation. We also recovered approximately 1000 fold fewer

organisms from the animal containing this clone. In contrast, the other IVET clones

restored the virulence of AP233 to a level equal or surpassing that of IVH which we

know contains a strong promoter. This would suggest that even though all 5 clones

have similar minimal expression to the trxA clone in vitro, they are induced to a level at

least equal to the expression of IVH, and thus all 5 clones could qualitatively be said to

be induced in viva.

It will likely be necessary in the future to alter our IVET procedure to provide a

more effective screen for in viva induced promoters. It is important that the in viva

selection process is allowed to continue for an appropriate amount of time such that
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week promoters are not carried through and reisolated. Also, it may be necessary to

pre-screen the IVET pools and eliminate strong constitutive promoter clones. This

would allow the use of a greater number of colonies in each animal as well as perhaps

extending the time available for selection because the animal would not become

seriously ill as fast. To overcome the problem of quantitation of Lux activity from IVET

clones in viva. it may be necessary to re-transfonn any IVET plasmids containing

potential in viva induced promoters into the wild type strain of APP serotype 1, which

appears to be less fragile and able to provide more accurate plate counts. This will

provide a more accurate quantitative measurement but will not reconfirm the ability of

the promoter to restore virulence by expression of the wild type riboflavin genes. The

further identification of genes specifically induced in viva will likely lead to new insights

about the pathogenesis of this organism and may identify targets for the production of

new antibiotics or live attenuated vaccines.
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Our long term objectives were to better understand the pathogenesis of

Actinobacillus pleurapneumaniae infections as a model of respiratory disease and to

use this information to generate better vaccines and new antibiotics. To contribute to

these objectives, the goal of this thesis research was to design and utilize a genetic

system to identify specifically in viva induced (e.g., infection associated) genes in this

organism. At the time this project was started little was known about the genetics of the

swine pathogen Actinobacillus pleurapneumaniae. Only one unstable shuttle vector

and one transposon mutagenesis system were available to us, and there were no

defined biochemical mutants.

We have identified, cloned and completely sequenced four genes from

Actinobacillus pleurapneumaniae that are involved in riboflavin biosynthesis. The

cloned genes can specify production of large amounts of riboflavin in E. coli, can

complement several defined genetic mutations in riboflavin biosynthesis in E. coli, and

are homologous to riboflavin biosynthetic genes from both E. coli and Bacillus subtilis.

The genes have been designated APP ribGBAH due to their similarity in both sequence

and arrangement to the B. subtilis ribGBAH operon. The DNA sequence data,

complementation, and minicell analysis strongly suggest that the four rib genes are

transcribed from a single APP promoter upstream of the ribG gene. Biosynthesis of

riboflavin by APP appears to be more similar to that in the gram-positive bacterium B.

subtilis than in the gram-negatives E. coli or Haemaphilus influenzae. Further study of

this model operon should reveal interesting information on regulation and

promoter/operon structure in APP, as well as information on the role of riboflavin

biosynthesis in APP infection.

We hypothesized that APP must synthesize riboflavin to meet its own metabolic

demands during infection, since riboflavin is not synthesized by mammals and therefore

is not likely to be freely available to APP within its porcine host, especially within the

relatively sterile lungs. We constructed a serotype 1 Actinobacillus pleurapneumaniae
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deletion-disruption riboflavin mutant that is attenuated in vivo. The A.

pleurapneumaniae ribGBAH operon was disrupted by deleting an internal segment of

R cassette using a targeted mutagenesisthe operon (ribBA) and replacing it with 6 Km

technique. A stable riboflavin-requiring, genetically-defined, KmR mutant, AP233, was

phenotypically identical to its wild type parent based on analysis of proteins,

extracellular toxin, LPS, and capsular polysaccharide by SOS-PAGE, immunoblot, and

caagglutination.

Experimental infection of pigs, the only natural host for A. pleurapneumaniae,

demonstrated that the riboflavin-requiring mutant was unable to cause disease

including lung lesions or clinical signs at dosages as high as 500 times the LDso for the

wild-type parent. It is important to note that the riboflavin-requiring mutant used in

these studies is a deletion mutant, with ~1.4 kb of the riboflavin operon removed from

the chromosome and replaced with an antibiotic resistance marker. We observed

neither reversion to prototrophy nor loss of kanamycin resistance in this mutant in the

laboratory suggesting that reversion to prototrophy and thus virulence will not occur in

viva.

This is the first report that a mutation in riboflavin biosynthesis in a pathogenic

bacterium is attenuating. This finding represents a novel addition to the group of

biosynthetic mutations which can be used to construct attenuated strains of bacteria.

This is also the first report of a genetically-defined attenuated mutant of A.

pleurapneumaniae that is still capable of production of all of the major known virulence

factors of this organism. including extracellular toxins and capsular polysaccharide.

The fact that riboflavin biosynthesis is essential for this pathogen and that riboflavin is

not synthesized by higher eukaryotes could potentially lead to discovery of a new

generation of antibiotics which inhibit riboflavin biosynthesis.

Live-attenuated vaccine strains of numerous pathogenic organisms are being

developed and appear to hold the greatest promise for the future of vaccination. Many
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of these strains contain mutations in biochemical pathways which are necessary for

survival inside the host. We have tested our riboflavin-requiring mutant of APP as a

live-attenuated vaccine. Poor persistence of live vaccine strains in viva can lead to a

failure to elicit a protective immune response. In order to assure that infection-

associated antigens would be expressed by the live-attenuated vaccine strain of

bacteria after immunization of pigs, we needed to ensure that the bacteria had

sufficient available riboflavin to permit 2-3 generations of growth. An IM immunization

with a dose containing sufficient riboflavin gave very good protection against APP in

the face of an ovenivhelming challenge. Further experimentation with varying dosages

and riboflavin concentrations is required in order to determine the optimal vaccine

regimen to elicit good protection.

We have constructed an IVET system for use in our riboflavin-requiring strain of

Actinobacillus pleurapneumaniae, the first of its kind for use in the family

Pasteurellaceae. We have demonstrated that a functional IVET vector can be

constructed with the E. cali-APP shuttle vector pGZRS-19, the T4 terminator, the

promoterless wild type riboflavin biosynthesis genes (ribBAH) from Bacillus subtilis and

the promoterless luxAB reporter genes from Vibrio hanreyi. We have shown that the

Bacillus subtilis genes can complement the riboflavin mutation in AP233, restoring the

ability to grow without riboflavin and restoring virulence. We have shown that there is

no background bioluminescence in APP and that the luxAB genes can be used as a

simple and quantifiable reporter of gene expression in APP. Finally. our IVET system

has been used to identify 5 specifically in viva induced genes which are likely to be

important for growth or virulence of APP in its natural host. Based upon their sequence

similarity, two of the identified clones have been predicted to encode polypeptides

homologous to E. coli SecE/NusG and E. coli Mrp. It remains to be determined what

the exact role for these clones and the unidentified clones is in the pathogenesis of

APP.
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With a rapid mutation rate and the potential for horizontal gene transfer,

pathogens seem to have the advantage in the continual struggle against their hosts.

We now realize that antibiotics and vaccines are not the magical answers they were

originally thought to be. Therefore, it is imperative that we continue to use modern

genetic technology to study the pathogenesis of organisms which are presently causing

disease and anticipate how to overcome the next resurgence of diseases that seem to

be irrelevant at this time. The further identification of genes specifically induced in viva

will likely lead to new universal insights about the pathogenesis of these organisms and

may identify targets for the production of a new generation of antibiotics or new live

attenuated vaccines.

 


