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ABSTRACT 

A toxic phospholipase D (PLD), is thought to be an essential virulence 

determinant of Corynebacterium pseudotuberculosis, an animal pathogen which causes 

chronic, suppurative infections. In this study, PLD was purified from C. 

pseudotuberculosis biovar equi isolate 155 and the gene encoding PLD (Pic/) was cloned, 

pld from 155 and C. pseudotuberculosis biovar ovis isolate Whetten 1 were sequenced, 

Pld- mutants of Whetten 1 were constructed, and one mutant was tested for reduced 

virulence for goats. PLD was purified by size exclusion chromatography and isoelectric 

focusing. In the purest fraction, sphingomyelinase, synergistic hemolysis, and 

staphylococcal B-hemolysin inhibition activities were associated with the presence of 31 

and 21 kDa proteins. Only the 31 kDa protein was identified by Western blot analysis with 

PLD-neutralizing antibodies. 

Similar 1.6 kb inserts with pld from 155 and Whetten 1, in plasmids 

pCpE13s and pCp051s respectively, conferred all three PLD-associated activities on E. 

coli. DNA sequence analysis revealed that both inserts encode a 307 amino acid protein 

which, in secreted form, has a predicted a molecular weight of 31.1 kDa and a pI of 8.84. 

The primary structure of the corynebacterial PLDs were compared to those produced by 

Corynebacterium ulcerans and Arcanobacterium haemo[yticu11l. The four PLDs were found 

to shared 64% to 97% identity, and except for small regions of amino acid homology 

which includes two catalytic domains from glyceraldehyde-3-phosphate dehydrogenases, 

the sequences were unique when compared to other sequences found in GenBank. 

Two Pld - strains of Whetten 1 were engineered by allele replacement. In 
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strain W 1.23r1, pld was deleted and in strain W 1.31 r1, pld contains a nonsense mutation 

which is predicted to truncate PLD after 65 amino acids. The virulence of W 1.31r1 was 

compared to that of Whetten 1 by inoculation of goats. Whetten 1 caused abscessation at 

the site of infection and spread to the regional lymph node, while W1.31r1 had reduced 

ability to establish a primary infection and was incapable of dissemination. These results 

confirm that PLD is a virulence determinant of C. pseudotuberculosis which allows the 

persistence and spread of the bacteria within the host. 
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CHAPTER 1 

Introduction 

Corynebacterium pseudotuberculosis has been recognized as an agent of 

disease in domestic animals since its initial isolation from necrotic tissue surrounding a 

renal abscess in a sheep (Preisz and Guinard, 1891). Clinically, these diseases are 

characterized by the formation of a chronic suppurative abscesses, a trait attributable to the 

ability of the bacteria to survive, multiply, and disseminate within cells of the host 

reticuloendothelial system (Ayers, 1977; Batey, 1986a; Blackwell et. al. 1974). Two 

bacterial factors, cytotoxic surface lipids and a toxic phospholipase D (PLD), are thought to 

confer virulence on the organism, although the relevance of these putative virulence factors 

to the pathogenesis of C. pseudotuberculosis infections is poorly understood (Ayers, 1977; 

Batey, 1986a). 

Results of previous studies have suggested that PLD activity in vivo is 

essential for virulence of C. pseudotuberculosis. In these studies, PLD has been implicated 

in the initial stages of infection. The PLD has been shown to both interact with elements of 

the host's immune system to promote bacterial multiplication at the initial site of infection 

(Jolly, 1965b) and to act directly upon blood vessels, facilitating the spread of the bacteria 

from the initial site of infection to secondary sites (Carne and Onon, 1978). Experimental 

evidence supporting these conclusions has been determined from the use of crude or 

impure preparations of PLD, often used in conjunction with polyclonal antisera and 

inappropriate animal models, leaving questions as to the significance of PLD as a virulence 

factor. 
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The contribution of bacterial sphingomyelin- or phosphatidy1choline

hydrolyzing phospholipases to pathogenesis has been defined for only a few organisms 

and in many cases, remains completely unknown. Most of the work on bacterial 

phospholipases has centered on the effects of PLCs on cell membranes. The results of 

these experiments are difficult to interpret since the preparations of purified phospholipases 

were probably contaminated with other membrane-active extracellular proteins. For 

example, by measuring the release of cytoplasmic markers from human fibroblasts it was 

shown that, unlike staphylococcal a-toxin, purified B-hemolysin has only a limited effect 

on membrane integrity (Thelestam and Mollby, 1979). The quality of the data illustrating 

the lack of membrane permeability after B-hemolysin treatment improves as the purity of the 

enzyme increases, presumably because a-toxin, which has a similar molecular weight and 

pI, no longer contributes to the release of the cytoplasmic markers (Mollby, 1978). Similar 

problems may occur with preparations of other membrane-active bacterial toxins. For 

example, preparations of PLC-H from P. aeruginosa are frequently contaminated with the 

dermonecrotic and lethal protein exotoxin A (Liu, 1974). 

A variety of ill vitro biological effects are attributable PLCs which hydrolyze 

sphingomyelin and phosphatidylcholine. These enzymes exhibit a range hemolytic 

potential. Some, such as C. perjringens a-toxin, are innately hemolytic (MacFarlane and 

Knight, 1941). Others such as staphylococcal B-hemolysin are hemolytic only if treated 

erythrocytes are cooled or combined with chelating agents (Smyth et. ai., 1985). Still 

others, like the PLC of Bacillus cereus, are hemolytic only in concert with other membrane

active enzymes (Colley et. al., 1973). Differences in the sensitivity of erythrocytes from 

various species and in the effect of various ions, which cannot be explained solely by 
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differences in substrate range or metal requirement of the enzymes, have been reported 

(Avigad, 1976; Mollby, 1978). These difference have been associated with the location of 

phospholipids to either the inner or outer membrane leaflet (Zwaal et. al., 1973), the 

packing of lipids within a membrane leaflet (Zwaal et. ai., 1975), and with the metabolic 

status of test cells (Mollby, 1973). 

Ultrastructural changes in erythrocyte membranes have been seen after 

treatment with PLCs. Treatment of sheep, pig, and human erythrocytes with C. perfringens 

IX-toxin causes membrane invagination (Fujii and Tamura, 1979) and converts the normally 

biconcave cells into spheres containing internal vesicles (Allan et. ai., 1975). 

Staphylococcal B-hemolysin has also been shown to cause invagination of human 

erythrocyte membranes and internalization of membrane-associated enzyme systems (Allan 

and Walklin, 1987; Wilbers et. ai, 1978). Human erythrocyte membranes treated with B

hemolysin and prepared for electron microscopy by freeze-fracture techniques have shown 

aggregations of particles and the formation of small spheres on the outer leaflet of the 

membranes with the formation of pits on the corresponding inner fracture face (Verkleij e t. 

ai. 1973). 

The structural and ultrastructural changes seen in erythrocyte membranes 

may correspond to changes seen in immune cell function after PLC treatment. For example, 

sphingomyelin may be associated with monocyte locomotion induced by chemotactic 

factors. Migration of human blood monocytes treated with C. per!ringen.\' IX-toxin or S. 

aureus B-hemolysin toward either casein or normal serum albumin is inhibited (Wilkinson, 

1975, 1977). PLCs can also affect attachment to immune cells. Staphylococcal B

hemolysin inhibits Fc-mediated binding of antibody-coated chicken erythrocytes to human 
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monocytes, macrophages, and neutrophils (Wilkinson, 1977). Although it has not been 

demonstrated, this reduction in binding may be due to destabilization of the Fc-receptor 

following the hydrolysis of stabilizing phospholipids rather than the simple deterioration of 

the phagocytes. Sphingomyelin and phosphatidlycholine are both been found to be tightly 

associated with the soluble IgE-FcR receptor complex in rat basophils, and disruption or 

alteration of the lipids in this complex may be expected to lead to compromised function 

(Rivnay and Fischer, 1986). PLC from C. perjringens has been shown to stimulate 

oxidative metabolism in bovine neutrophils, increasing both oxygen consumption and 

superoxide production. Furthermore, the oxidative responses of PLC treated neutrophils 

were compromised as demonstrated by subsequent exposure cells to latex beads, 

suggesting that the PLC treatment depleted the oxygen-dependent responses of the 

neutrophils (Styrt et. ai., 1989). Pretreatment of macrophages and masts cells with PLCs 

also causes the release lysosomal enzymes (A vigad, 1976), mast cell degranulation 

(Strandberg et. at., 1974), and there is preliminary evidence that the addition of exogenous 

phospholipases disrupts eukaryotic signal transduction. Exogenous PLCs and PLDs have 

been shown to affect arachidonic acid metabolism (Bonser et. at., 1989) and the generation 

of superoxides in neutrophils (Exton, 1990), processes normally regulated by endogenous 

phospholipases (Shukla and Halenda, 1991). The effect of PLCs on oxidative and oxygen

independent killing mechanisms of immune cells, as well as the induced release of 

histamine by mast cells, suggests that these enzymes may function by abrogating the 

normal anti-bacterial effects of immune cells or by promoting tissue damage through the 

release of metabolites, both of which would encourage the spread of bacteria within the 

host. 
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In terms of pathogenesis, the best studied sphingomyelin- or 

phosphatidylcholine-hydrolysing phospholipaseses are those belonging to the group 

phospholipase C (PLC). For example, Clostridium peifringens <x-toxin has been associated 

with some of the tissue damage seen with gas gangrene (Kamayama and Murata, 1975) and 

in sublytic concentrations, <x-toxin has been shown to cause smooth muscle contraction 

(Fujii et. af., 1989), platelet aggregation (Sugahara et. af., 1976), and thromboxane release 

(Fujii et al., 1986). The gene encoding <x-toxin has been cloned and sequenced and has 

significant homology to the N-terminal region of arachidonate 5-lipoxygenase, indicating a 

direct role for <x-toxin in the inflammatory response (Titball et. al., 1991). Furthermore, 

mice immunized against <x-toxin are protected from experimental gas gangrene suggesting 

that this PLC plays a significant role in producing disease (Kuria and Ngatia, 1990; 

MacFarlane and Knight, 1941). 

A direct approach has been used to establish other PLCs as virulence 

factors. For example, strains of Staphylococcus aureus isolated from mammary gland 

infections of dairy cattle, sheep, and goats all produce B-hemolysin (Titball, 1993). 

Although the importance of this enzyme as a virulence factor was not convincingly 

demonstrated in studies with partially purified toxin (Ward et. al., 1979), the relevance of 

B-hemolysin was demonstrated by inactivation of the B-hemolysin gene (Izlb). The mutant 

strain, constructed by use of a lysogenic bacteriophage which integrates into hlb, was 

shown to be attenuated, based on its less frequent recovery from the mammary gland of 

mice following experimental infection (Bramley et. al., 1989). 

In another example, the intercellular pathogen Listeria 11l01locytogenes was 

attenuated by a transposon insertion into a metalloprotease gene, the first gene of a 
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lecithinase operon that encodes PLC-B. This mutant strain, which was confirmed as PlcB -, 

had a greater LDso than the wildtype parental strain, despite continued multiplication of the 

mutant within host tissues (Raveneau et. aI., 1992). Further study of this mutant revealed 

that PLC-B may be involved in the cell-to-cell spread of bacteria. L. monocytogenes 

spreads between monocytes or macrophages by initiating the polymerization of host actin 

which pushes the bacteria through the cytoplasm and outer membrane of one host cell into 

adjacent host cells (Tilney et. al., 1989). Following infection of monolayers of L2 or 3T3 

fibroblasts with the mutant strain of L. monocytogenes, zones of dead cells were smaller 

than those produced by infection with a fully virulent wildtype parental strain. Electron 

microscopic examination of the infected fibroblasts showed that the PlcB- mutants were 

incapable of escaping from the double-membrane vesicles which are formed as the 

spreading bacteria are encapsulated within the cell membranes of the host cell and the cell 

being invaded (Vazquez-Boland et. aI., 1992). 

Pseudomonas aeruginosa, an important opportunistic pathogen in human 

lung and burn infections, has also been genetically attenuated. P. aerugillosa produces two 

PLCs which are regulated by inorganic phosphate. One of the PLCs (PLC-H) when 

admisistered to mice in purified form, causes paralysis, dermonecrosis, increased vascular 

permeability, and lethality (Berk et. al., 1987). The relevance of this PLC to pathogenesis 

was confirmed by replacing plcS, the gene encoding PLC-H, with an antibiotic marker and 

demonstrating an increased mouse LDso when the mutant strain was compared to a fully 

virulent wildtype strain (Ostroff et. al., 1989). 

While the importance of PLCs in promoting disease has been established, 

much less is known about the significance of PLDs in pathogenesis. Enzymes with PLD 
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activity are produced by a limited number of species of bacteria, some of which are 

pathogenic for domestic animals and man (Avigad, 1976; Mollby, 1978). In addition to C. 

pseudotuberculosis, Corynebacterium ulcerans (Abrehem and Zamiri, 1980; Barksdale et. 

al., 1981), Arcanobacterium (Corynebacterium) haemolyticum (Soucek and Souckovci, 

1964; Cuevas and Songer, 1993), and Photobacterillln (Vibrio) damsela (Cutter and 

Kreger, 199Q) produce PLDs. These phospholipases, like the PLCs from C. perjringens 

and P. aeruginosa and the PLD from C. pseudotuberculosis, are dermonecrotic and lethal 

for a variety of laboratory animals (Mollby, 1978), suggesting a role for these enzymes as 

virulence factors (Carne, 1940; Kreger et. ai, 1988; Patocka et. al., 1962). 

The best available evidence suggests that sphingomyelin and 

phosphatidylcholine-hydrolysing phospholipases are virulence determinants, although the 

mechanisms by which phospholipases contribute to pathogenesis are only poorly 

understood. Direct evidence that PLD is a virulence determinant of C. pseudotuberculosis 

will serve as a basis for future studies aimed at determining the mechanism by which this 

PLD mediates the host-parasite interaction. The PLD of C. pseudotuberculosis, like other 

phospholipases, may be expected to affect immune cell chemotaxis, phagocytosis, or 

receptor stability, all of which would impair immune cell function. A more complete 

understanding of the role of PLD may provide additional avenues for control of C. 

pseudotuberculosis infections. Recent work has shown that bacterial stress proteins are 

immunodominant antigens (Buchmeier and Heffron, 1990; Young et. aI., 1988; Young and 

ElIott, 1989) and a Pld- mutant, if attenuated, could be used as a live delivery vehicle for a 

PLD toxoid, generating an antibody response which would be absent from a killed whole 

culture vaccine preparation. Study of the PLD from C. pseudotuberculosis provides a 
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unique opportunity to increase the understanding of phospholipases in general, provide a 

means to improve vaccines for control of C. pseudotuberculosis infections, and perhaps to 

develop a live vector for recombinant vaccines for veterinary use. 

Research Aims 

The following series of experiments was designed to provide basic 

information on the PLD of C. pseudotuberculosis and to confirm the hypothesis that this 

PLD is a virulence determinant which facilitates the spread of the bacteria. First, PLD was 

purified from culture supernatant fluids of C. pseudotuberculosis biovar equi isolate 155 

and an amino-terminal sequence and putative transcriptional signals were determined. 

Second, the gene encoding the PLD from C. pseudotuberculosis 155 was cloned, 

sequenced, and characterized. Third, the gene encoding the PLD from C. 

pseudotuberculosis biovar ovis isolate Whetten 1 was sequenced, and sequence data 

obtained from PLD genes from the two biovars, and from genes found in GenBank, were 

compared. Fourth, mini-Tn3 insertions were used to create mutations within pld from 

Whetten 1 and the mutants were tested for three activities previously associated with PLD. 

Fifth, a mutant strain of Whetten 1 was engineered to differ from the wildtype parental 

strain only in lacking the production of PLD. Sixth, the mutant and parental strains were 

inoculated into goats and their ability to establish a primary infection, disseminate from the 

initial site of infection to secondary sites, and to cause lymph node abscessation were 

compared. 
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Literature Review 

Corynebacterium pseudotuberculosis is a Gram-positive diphtheroid 

bacillus morphologically related to other coryneform bacteria and members of the genera 

Mycobacterium, Nocardia, and Rhodococcus (Jones and Collins, 1986). Despite reports of 

considerable variation in biochemical characteristics among isolates, C. pseudotuberculosis 

can easily be distinguished from similar bacteria based upon fermentation of soluble starch 

and trehalose and tests for the production urease, pyrazinamidase, and PLD (Barksdale et. 

al., 1981; Muckle and Gyles, 1983; Songer et. at., 1988). Like mycobacteria, nocardia, 

and rhodococci, C. pseudotuberculosis has cell wall peptidoglycan containing meso

diaminopimelic acid and produces a.-alkyl-B-hydroxy long chain fatty acids, compounds 

analogous to cord factor, long-chain non-hydroxylated fatty acids, and phosphatidylinositol 

and phosphatidylinositol mannosides (Brennan and Lahane, 1970; Ioneda and Silva, 

1979). Despite these shared chemical properties, an evolutionary relationship among these 

four genera has not been definitively demonstrated by analysis of 16s rRNA (Stackebrandt 

and Woese, 1981; Stackebrandt et. al.,1983). 

C. pseudotuberculosis can be classified into two biovars based on a 

differential ability to reduce nitrate (Biberstein et. aI, 1971; Muckle and Gyles, 1982; 

Songer et. at. 1988). This division correlates with host preference, with isolates infecting 

sheep and goats being nitrate reductase negative and isolates infecting horses nitrate 

reductase positive. Demonstrable difference between the two biovars are also evident at the 

genomic level. Analysis of restriction endonuclease digests of chromosomal DNA revealed 

specific bands associated with both host preference and the ability or inability to reduce 

nitrate (Songer et. al., 1988). The basis for this demonstrated host preference is not 
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known. 

Although C. pseudotuberculosis is a pathogen of a variety of mammals, the 

primary importance of the bacteria is as the agent of caseous lymphadenitis (CL), a 

widespread and economically significant disease affecting sheep and goats. CL affects 

sheep and goats worldwide (Chikamatsu et. al.,1989; Gezon et. aI., 1991; Kuria and 

Ngatia, 1990; Middleton et. al., 1991; Nuttall, 1988), with some reported prevalence rates 

for the disease near fifty percent (Batey, 1986; Stoops et. aI., 1984). Economic losses from 

CL, due to decreased milk or wool production (Paton et ai, 1988; Schreuder et. al., 1990), 

meat condemnation (Smyth et. ai, 1975), and abortions (Das, 1987; Shanawa et. aI., 1988) 

have all been documented. C. pseudotuberculosis has also been implicated in the thin-ewe 

syndrome, a progressive, debilitating condition which is eventually fatal to the host (Batey, 

1986; Stoops et. al., 1984). Other pathologies due to C. pseudotuberculosis include 

ulcerative lymphangitis and subacute abscesses in horses (Brumbaugh and Ekman, 1981; 

Hughes and Biberstein, 1959), and infections in cattle, swine, buffalo, camels, and 

humans (Biberstein et. aI., 1971; House et. ai., 1986; Miers and Ley, 1980; Radwan et. 

aI., 1989). 

A model for the progress of C. pseudotuberculosis infections based on 

experimental infections of mice, sheep, and goats and clinical observations of the natural 

disease has been proposed (Batey, 1986a). An initial infection is thought to be established 

by contamination of a skin wound with C. pseudotuberculosis, perhaps from the 

environment (Augustine and Renshaw, 1982a, 1982b, 1982c) or from purulent abscesses 

of other animals (Ellis et. aI., 1987, Nain and Robertson, 1974). C. pseudotuberculosis 

mUltiplies at the site of infection, inducing inflammation and the recruitment of phagocytic 



21 

cells (Batey, 1986a, 1986c). Bacteria initially engulfed by polymorphonuclear phagocytes 

and later by macrophages remain viable, mUltiplying within phagolysosomes of host cells 

(Batey, 1986c; Hard, 1969a, 1975; Jolly, 1965a; Jolly, 1966; Tashjian and Campbell, 

1982). Secondary infections occur if free bacteria or bacteria within phagocytes are 

transported from the initial site of infection to regional lymph nodes or a variety of internal 

organs including liver, spleen, lung, and kidney (Batey et. ai., 1986b; Stoops et. ai., 

1984). The anatomical location of secondary infections is thought to be dependent upon 

leukocyte migration; lesions in visceral organs are putatively associated with dissemination 

of free bacteria and bacteria in polymorphonuclear phagocytes through the blood, while 

lesions of reticuloendothelial organs are probably associated C. pseudotuberculosis 

containing macrophages traveling through lymph vessels (Batey, 1986a). 

C. pseudotuberculosis produces lesions with a characteristic morphology 

and pattern of dissemination. Lesions from natural infections are usually 2 - 6 cm in 

diameter and consist of a central mass of soft, green necrotic material surrounded by 

connective tissue (Batey, 1986c; Stoops et. aI., 1984) and have been described as 

perivascular accumulations of bacteria and phagocytic cells or as multiple granulomas 

(Hard, 1972; Stoops et. al., 1984; Tashjain and Campbell, 1982; Walker et. ai., 1991). 

Within the lesion, phagocytes containing large numbers of bacteria may be observed 

undergoing phagocytolysis with focal disruption of their phagolysosomes, rough 

endoplasmic reticulum, Golgi lamellae, and nuclear envelope (Hard, 1975; Thelelstam and 

Mollby, 1979). Cycles of phagocytosis, bacterial multiplication, and the subsequent death 

of phagocytes leads to abscessation, the host mechanism for containment of the bacteria 

(Batey, 1986a; Jolly, 1965b). Older lesions often are laminated in appearance due to the 
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continued cycles of necrosis and encapsulation (Stoops et. aI., 1984; Walker et. aI., 1991). 

The location of primary infection differs in sheep and goats. Sheep usually have thoracic 

lesions associated with injury during shearing, while goats commonly have head and neck 

lesions reflective of particular browsing and social behaviors (Burrell, 1981; Nuttall, 1988; 

Stoops et. aI., 1984). Secondary infections of regional lymph nodes, most commonly the 

prescapular lymph node in sheep (Batey, 1986b) and the parotid lymph node in goats 

(Batey et. aI., 1986), occurs in approximately one-quarter of naturally infected animals 

(Carne et. al. 1956). Less frequently, there is involvement of the visceral organs, primarily 

the lungs and kidneys of sheep and the spleen of goats, with sheep more often having 

visceral metastases (Batey et. at., 1986; Stoops et. ai, 1984). 

C. pseudotuberculosis has abundant surface lipids, some of which have 

been chemically characterized. Extraction of total lipids from C. pseudotuberculosis by 

alkaline hydrolysis resulted in recovery of 31.5% of the total of the organisms' weight as 

lipid (Jolly, 1966). The total lipid hydrolysate is composed of acetone-soluble normal fatty 

acids including hexadecanoic, hexadecenoic, and octadecenoic acids present as 

triacylglycerol or as phospholipids and the fatty acids dimamophosphoinositol and 

phosphatidylinositol (Brennan and Lehane, 1970). In addition, acetone-insoluble (X

branched-B-hydroxylated fatty acids 2-tetradecyl-3-hydroxyoctadecanoic (corynomycloic) 

and 2-tetradecyl-3-hydroxyoctadecenoic (corynomycolenic) acids have been identified 

either bound to glycerol as I-monoacylglycerols, or to trehalose as mono- or 

dimycoloyltrehalose (Ioneda and Silva, 1979). 

A pathogenic property was first attributed to surface lipids obtained as crude 

petroleum ether extracts from live bacteria (Carne et. aI., 1956). The extract, while not 
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systemically toxic, was necrotic upon intradermal injection into guinea pigs and rabbits 

(Cameron and Engelbrecht, 1971; Carne et. al., 1956; Hard, 1975; Jolly, 1966). When 

dissolved in liquid paraffin, sterile guinea pig fat, or adsorbed to particles of charcoal, the 

extract caused leukocyte degeneration and death (Carne et. al., 1956). The petroleum ether 

extracts minimally consisted of sodium corynomycolic acid, the sodium salts of C14, C 16, 

and CI8 fatty acids, and some triglycerides and free fatty acids (Diara and Pudles, 1959). A 

synthetic compound, analogous to cord factor produced by Mycobacterium tuberculosis 

which contained corynomycolic acid, was not systemically toxic for guinea pigs, an animal 

markedly sensitive to C. pseudotuberculosis, and has yet to be tested for an effect on 

leukocytes (Jolly, 1966). 

The ability of C. pseudotuberculosis to grow as a pellicle on synthetic 

media, like the ability of the tubercle bacillus to form cords, has been associated with 

virulence. A strain of C. pseudotuberculosis attenuated by repeated subculture, was found 

to be less pathogenic than the fully virulent parental strain with the attenuated strain having 

less surface lipid and a reduced ability to grow as a pellicle (Jolly, 1966). Some 

investigators have not found a direct correlation between virulence and lipid content 

(Burrell, 1978; Muckle and Gyles, 1983); however, differences in methods of lipid 

extraction (petroleum ether versus chloroformlmethanol) or in the measure of toxicity 

(dermal necrosis in guinea pigs versus lethality for mice) may account for this discrepancy. 

While compounds containing corynomycolic acids have not been shown to be directly toxic 

nor absolutely associated with virulence, electron microscopic observations of 

macrophages which have ingested C. pseudotuberculosis yielded evidence that the surface 

lipids provide at least a mechanical barrier against the hydrolytic enzymes of the host cells. 
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In these studies, the lipid coat of was visualized as an electron-lucent band surrounding and 

detached from the cell wall with only degenerating bacteria showing focal or complete 

disappearance of the lipid layer (Hard, 1969a, 1972, 1975; Tashjian and Campbell, 1982). 

Similar observations made with M. tuberculosis have been attributed to wax D, a 

lipopolysaccharide containing mycolic acids (Draper and Rees, 1970). 

Studies of filtered supernatant fluids identified an exotoxin, distinct from the 

cytotoxic lipids, produced by C. pseudotuberculosis. Unlike the toxic lipids, the exotoxin 

is soluble in aqueous solutions, is both dermonecrotic and lethal for a variety of animals 

including guinea pigs, mice, rabbits, and sheep, and can be detoxified by sera from 

immune animals and by various physical or chemical agents (Cameron and Engelbrecht, 

1971; Carne, 1940). The production of circulating antibodies to the exotoxin by animals 

during the course of natural infections indicates that the exotoxin is produced in vivo (Fujii 

et. at., 1986; Kuria and Holstad, 1989; Pepin et. at., 1991), with all C. pseudotuberculosis 

isolates producing antigenic ally similar exotoxin (Barksdale et. at., 1981; Carne, 1940; 

Doty et. al., 1964; Muckle and Gyles, 1986). Differences in toxicity among isolates and 

between the two biovars have been reported (Carne, 1940; Muckle and Gyles, 1983; 

Sutherland et. al., 1989). The significance of these differences, as measured by lethality in 

mice or guinea pigs, or dermonecrosis of rabbits, is unknown; however, acute intoxication 

is not seen in natural infections, and quantitative differences in exotoxin production have 

not been correlated with virulence (A vigad, 1976; Muckle and Gyles, 1983; Sutherland et. 

al., 1989). 

The exotoxin, which was first identified as a phospholipase D (PLD, E.C. 

3.1.4.4) by Soucek and coworkers, hydrolyzes sphingomyelin, generating choline and N-



25 

acylsphingosyl phosphate, and lysolecithin, generating choline and lysophosphatidic acid 

(Soucek et. al., 1967, 1971). An enzyme with PLD activity and the appropriate substrate 

range has been purified from culture supernatant fluids of C. pseudotuberculosis (Carne 

and Onon, 1978; Linder and Bernheimer, 1978; Soucek et. ai., 1971). The enzyme is a 

cationic glycoprotein, has a molecular weight of 31.5 kDa, requires 1 - 5 mM Ca2+ or 

Mg2+ for activity, has a pH optimum of 8.4, and has a Km for sphingomyelin of 6.2 mM 

and 8.3 mM for lysolecithin (Linder and Bernheimer, 1982; Onon, 1986; Soucek et. ai., 

1971). 

Like the toxic PLCs, the PLD from C. pseudotuberculosis has been tested 

for effects on erythrocytes. While the bacteria on blood agar plates or purified PLD are 

non-hemolytic, erythrocytes isolated from experimentally infected sheep show a 

significant, time dependent, decrease in the content of membrane sphingomyelin with a 

concomitant increase of phosphatidylglycerol (Brogden and Engen, 1990). Transmission 

electron microscopy of the erythrocytes treated in vivo revealed that the cells formed 

spherostomatocytes which became progressively more pitted over time. In cross-section, 

the pitting was observed as surface vacuoles or invagination of the outer cell membrane 

(Brodgen and Engen, 1990). Similar morphological effects were seen upon treatment of 

sheep erythrocytes in vitro with either C. pseudotuberculosis culture supernatant filtrates or 

purified PLD (Brodgen et. al., 1990) 

While PLD alone has only a limited effect on erythrocyte membranes, it can 

potentiate hemolysis by other membrane-active proteins. PLD has been shown to degrade 

the plasma membrane sphingomyelin of sheep erythrocytes without causing hemolysis 

(Linder, 1984). However, PLD exhibits synergistic hemolysis (SH) with two soluble, 
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non-hemolytic protejns produced Rhodococcus equi, a cholesterol oxidase and a PLC 

(Bernheimer et. al., 1980; Linder, 1984; Linder and Bernheimer, 1978, 1982). The 

cholesterol oxidase alters the 3B-hydroxyl of membrane cholesterol to produce cholest-4-

en-3-one and the PLC is active on all of the major mammalian membrane lipids including 

sphingomyelin, N-acylsphingosyl phosphate, phosphatidylethanolamine, and 

phosphatidylserine (Bernheimer et. af., 1980; Linder and Bernheimer, 1982). The primary 

mechanism of this action involves the removal of choline from sphingomyelin by PLD 

which allows the subsequent oxidation of membrane cholesterol (Linder and Bernheimer, 

1982). The oxidation of cholesterol destabilizes the interactions between the non-polar 

portions of N-acylsphingosyl phosphate and the sterol, resulting in lysis of the erythrocytes 

(Demel and Kruyff, 1976). A secondary mechanism of synergistic hemolysis, where N

acylsphingosyl phosphate becomes accessible to the PLC following the action of PLD, 

requires an additional factor, such as chilling, for hemolysis (Bernheimer et. af., 1980). 

Pretreatment of erythrocytes with culture supernatant fluids from C. 

pseudotuberculosis makes them refractory to lysis by staphylococcal (X- (Avigad, 1976; 

Mollby, 1978; Soucek et. al., 1967) and B-hemolysins (Goel and Singh, 1972; Linder, 

1984; Muckle and Gyles, 1986; Soucek et. af., 1967), Clostridium perfringens (X-toxin 

(A vigad, 1976; Mollby, 1978; Soucek et. af., 1967), and helianthus toxin, a protein from 

the sea anemone Stoichactis helianthus (Linder and Bernheimer, 1978; Linder et. af., 

1977). The inhibition of B-hemolysin (BHI) has been used by a number of investigators, 

both as the basis of a diagnostic test for C. pseudotuberculosis infections (Zaki, 1968) and 

to detect the exotoxin during purification (Goel and Singh, 1972; Onon, 1986), although it 

was not clear if one enzyme has both BHI and PLD activities. Most investigators have 
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found evidence that the two activities are directly related (Lovell and Zaki, 1966; Soucek 

and Souckovcl, 1974; Soucek et. aI., 1967), but there are persistent reports of a poor 

correlation between these activities (Muckle and Gyles, 1983, 1986). Staphylococcal B

hemolysin exhibits hot-cold hemolysis and is PLC with the same substrate specificity as 

PLD from C. pseudotuberculosis (Smyth et. al., 1975). The mechanism by which PLD 

inhibits the action of B-hemolysin is unknown, but it might be both steric and enzymatic in 

nature, since heat inactivation of PLD does not completely abolish BHI activity (Muckle 

and Gyles, 1986) and red cell membrane sphingomyelin hydrolyzed by PLD is not 

susceptible to further hydrolysis by B-hemolysin (Bernheimer, 1974). 

The exotoxin is thought to function in vivo as a permeability factor, 

interacting locally with blood vessels causing leakage of plasma into lymphatic spaces, 

encouraging replication of the bacteria (Batey, 1986c), the exudation of polymorphonuclear 

cells (Jolly, 1965a), and the spread of the bacteria from the initial site of infection (Batey, 

1986a, 1986c). Changes in permeability of the vascular bed of guinea pigs have been 

visualized by the immediate accumulation of Evans blue-labeled plasma at the site of 

inoculation of culture supernatant fluids and as dose dependent increases in soluble protein 

within the peritoneal cavity of mice injected with culture supernatant fluids (Jolly, 1965a). 

In addition, no effects were seen in the avascular cornea of sheep injected with culture 

supernatant fluids, while interdermal injection produced an intense inflammatory reaction 

(Jolly, 1965a). The increase in vascular permeability seen ill vivo has been associated with 

PLD activity. Living endothelial cells lining aorta of sheep and rabbits were exposed to 

purified PLD, and chloroform-methanol extracts of the cells were examined by thin layer 

chromatography for the enzymatic products of PLD (Carne and Onon, 1978). The extracts 
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of PLD-treated aortae contained N-acylsphingosyl phosphate and choline, suggesting a 

direct mechanism for the initial rapid increase in vascular permeability. Host factors, 

breakdown products of complement (Hsu, 1984; Thomas et. ai., 1985), arachidonic acid 

metabolites (Johnston et. ai., 1979), and perhaps histamine (Carne and Onon, 1978; Smith 

and Miles, 1959), increase vascular permeability after the initial increase due to PLD (Jolly, 

1965a). 

Preliminary evidence indicates PLD affects neutrophil viability and function 

suggesting that PLD is important for the establishment of C. pseudotuberculosis infections 

(Yozwiak and Songer, 1993). Purified PLD was lethal to ovine neutrophils after 10 h of 

exposure with leukotoxicity being enhanced by phagocytosis of the enzyme. While PLD 

was not chemotactic at any concentration or degree of purity, PLD activated normal sheep 

serum initiating directed migration of normal neutrophils. PLD is thought to activate 

complement by the alternative pathway (Muckle and Gyles, 1983) and PLD may function 

as a decomplementation antigen providing some measure of protection by depleting serum 

complement preventing opsonization of the bacteria. Treatment of neutrophils with PLD 

affected both chemotaxis and random migration suggesting that PLD may alter membrane 

receptor stability, permeability, or cytoskeleton attachment. 

Neutralization of the effects of PLD might be expected to mitigate CL and 

while the effects of antibodies against purified PLD have not been tested ill vivo, studies 

with crude products suggest that only the presence of antibodies prior to infection provides 

some measure of protection against C. pseudotuberculosis infection. PLD is an 

immunodominant antigen detected in animals, as determined by results of serological tests 

based on the inhibition of BHI activity (Zaki, 1968) or synergistic hemolysis (Burrell, 
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1980a), double immunodiffusion (Burrell, 1980b), or an ELISA using purified PLD as 

antigen (Sutherland et. aI., 1987). Investigators have not found a correlation between 

antiPLD titers and the presence, location, or numbers of CL lesions in animals naturally 

infected with C. pseudotuberculosis, suggesting a limited role in recovery for antiPLD 

antibodies produced subsequent to infection (Anderson and Nairn, 1985; Ellis et. al., 1990; 

Zaki, 1968). The presence of antiPLD antibodies prior to infection does have a putative 

protective effect, with several investigators finding that injection of hyperimmune antisera 

(Cameron and Engelbrecht, 1971; Hard, 1969b) or a toxoid made from formalinized C. 

pseudotuberculosis culture supernatant fluids (Lovell and Zaki, 1966a) protects mice from 

a lethal challenge of bacteria. Zaki (1976) was able to show that mice receiving a mixture of 

viable C. pseudotuberculosis and antitoxin developed abscesses only at the site of injection, 

while mice receiving the same challenge, without the antitoxin, developed disseminated 

lesions. This finding has been confirmed in toxoid vaccinated sheep with the vaccinated 

animals having fewer lesions than unvaccinated controls (Eggleton et. al., 1991 a, 1991 b). 

Vaccination also results in recovery of decreased numbers of C. pseudotuberculosis being 

recoverable from the regional lymph nodes after challenge (Jolly, 1965a). Similar findings 

were reported by Brown et. al. (1986), with 8 of 10 goats vaccinated with toxoid appearing 

clinically normal after challenge with C. pseudotuberculosis while 4 of 5 control animals 

exhibited disseminated lesions. Collectively, these data suggest that antiPLD antibodies 

prevent the spread of C. pseudotuberculosis, although control of other factors, such as 

route of infection or the effects of bacterial multiplication, have not always been adequate. 

Resistance to C. pseudotuberculosis is probably complex, involving both 

humoral and cellular immunity, but beyond the information on antiPLD antibodies and 
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descriptions of cell populations found in lesions of experimentally infected animals, very 

little is known about immunity to infection. In addition to antiPLD antibodies, several cell

associated antigens induce a humoral response. Of 40 sheep with confirmed cases of CL, 

all the serum samples contained antibodies against three antigens with molecular weights of 

a 120, 69, and 31.5 kDa, with the 31.5 kDa antigen verified as PLD. Twenty-two of the 

sera also had antibodies against proteins of 64, 43, 40, and 22 kDa molecular weight 

(Muckle et. al., 1992). The role of these proteins in pathogenesis, if any, is unknown. 

Cellular immunity, as measured by an increased rate of bacterial clearance, failure of 

abscesses to form, and non-specific resistance to Listeria monocytogenes, has been 

documented in mice immunized with an "attenuated" strain of C. pseudotuberculosis 

(Hard, 1969b) or mice which have recovered from injection by fully virulent C. 

pseudotuberculosis (Jolly, 1965a). Electron microscopic evidence for the emergence of 

activated macrophages, as determined by increases in the number of polyribosomes, the 

development of granular endoplasmic reticulum, Golgi hypertrophy, and increased 

lysosomal content has been documented in mice following C. pseudotuberculosis 

stimulation of infiltrating mononuclear phagocytes (Hard, 1969b). Similar effects have 

been seen in vitro in caprine mammary macrophages (Tashjian and Campbell, 1982). 

Pulmonary lesions from sheep with CL analyzed by indirect 

immunoperoxidase staining with monoclonal antibodies against leukocyte cell surface 

determinants, were found to contain increased numbers of macrophages expressing MHC 

class II molecules and few B-cells or granulocytes (Ellis, 1988; Walker, 1989). An 

elevated T4 +/T8+ ratio (when compared to peripheral blood) was also seen. Although 

macrophage activation was not directly demonstrated by interleukin production, the 
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increased T4+ff8+ ratio suggested the presence of a population of T4 + cell secreting IL-2 

and y-interferon, production of which has been linked to increased expression of class II 

MHC on bovine macrophages and increased macrophage function (Bielefeldt et. ai., 1986). 

Further evidence that C. pseudotuberculosis activates macrophages is the specific induction 

of TNF-a secretion by sheep alveolar macrophages following exposure to C. 

pseudotuberculosis (Ellis et. ai., 1991). 

Lack of understanding of the pathogenesis of C. pseudotuberculosis 

infections has hindered CL vaccine development. Vaccine trials using formalinized C. 

pseudotuberculosis (Cameron and Ninaar, 1969) or purified cell wall components 

(Cameron et. al., 1969) demonstrated increased resistance, seen as a reduction in lethality, 

of mice challenged with viable bacteria (Cameron and Minaar, 1969). Whole cell and cell 

wall vaccines have been tested in sheep. Lambs immunized with either type vaccine 

exhibited a decreased rate of lung abscessation when compared to control animals (Brogden 

et. ai., 1984). While animals receiving the vaccine prepared from cell wall components had 

fewer lesions than those vaccinated with formalinized whole cell preparations, neither type 

of vaccine conferred absolute immunity. Other investigators have found that development 

of antibodies against antigens present in culture supernatant fluids offered a measure of 

protection for naive animals, which was not improved by the addition of formalinized 

whole cells (Eggleton et. ai., 1991), and the use of a toxoid vaccine in the field resulted in 

protection of 70 - 90% of sheep and goat populations at risk (Burrell, 1978, 1983; Nairn 

et. al. 1977). 
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Dissertation Format 

Included in Chapter 2 is a summary of two papers entitled "Target 

Mutagenesis of the Phospholipase D Gene Results in Decreased Virulence of 

Corynebacterium pseudotuberculosis" which was submitted to Molecular Microbiology for 

publication and "Sequence homology among the toxic phospholipases D of 

Corynebacterium pseudotuberculosis, Corynebacterium ulcerans, and Arcanobacterium 

(Corynebacterium) haemolyticum" which was submitted to Gene. The complete 

manuscripts are found in the Appendices A and B, respectively. 

The first paper describes engineering and testing a Pld- of C. 

pseudotuberculosis. My contributions to this paper includes the experimental design, 

sequencing of pld from C. pseudotuberculosis biovar ovis isolate Whetten 1, and the 

construction and verification of the phenotype and genotype of W 1.31 r 1, the mutant strain 

of C. pseudotuberculosis. I generated all the data presented in this paper except for that 

obtained following in vivo testing of Whetten 1 and W 1.31 r 1. These data are contained in 

Tables 1, and were provided in raw form by Dr. Gregory Bradley. 

The second paper describes the cloning and sequencing of the genes 

encoding the phospholipases D from C. pseudotuberculosis biovar equi isolate 155, and C. 

ulcerans. The deduced amino acid sequences of these PLDs was compared to those of C. 

pseudotuberculosis biovars ovis and Arcanobacterium haemolyticum and other sequences 

found in GenBank. I completed the cloning and sequencing of corynebacterial 

chromosomal DNA which encode the PLDs and obtained the publishable data in all the 

tables and figures, with the exception of Figure 1 which contains SH and BHI data 

generated by William Cuevas. 
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Materials and methods, data, and a discussion of purification of the PLD 

from C. pseudotuberculosis biovar equi, mini-Tn3 mutagenesis of pld from C. 

pseudotuberculosis biovar ovis, and construction and testing of W1.23r1, a strain of C. 

pseudotuberculosis in which the entire gene encoding PLD has been deleted, can be found 

in Chapter 3. 
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CHAPTER 2 

Present Study 

The methods, results, and conclusions of these studies can be found in two 

papers which are appended to this dissertation. The following is a summary of the most 

important findings of these papers. The first paper, "Targeted Mutagenesis of the 

Phospholipase D Gene Results in Decreased Virulence of Corynebacterium 

pseudotuberculosis, /I presents sequence data for pld from C. pseudotuberculosis biovar 

ovis isolate Whetten 1, the construction of a mutant strain of Whetten 1 by allele 

replacement, and testing of the mutant strain for reduced virulence in goats. The sequence 

of pld from Whetten 1 has 99% homology with a previously reported pld from an ovine 

isolate of C. pseudotuberculosis (Hodgson et. aI., 1990). The DNA sequence upstream 

from the start codon was identical between the two genes and contained putative promoters 

and ribosomal binding sites. By sequencing an additional 493 base pair (bp) downstream 

from the stop codon, a putative transcriptional terminator was identified based upon 

homology with defined E. coli terminators. Termination of transcription at this site yielded 

a mRNA 1,344 nucleotides in length, corresponding to results obtained by Northern 

analysis (Hodgson et. al., 1990a). 

A mutant strain of C. pseudotuberculosis was constructed by targeted 

mutagenesis using an allele of pld modified in vitro. The mutant allele was constructed by 

deletion of two base pairs within the structural gene for PLD. This mutation results in a 

translational stop signal 65 amino acids downstream from the start of protein synthesis. 

The methodology of Gutterson and Koshland (1983) was used to introduce this mutant 
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allele into the chromosome of C. pseudotuberculosis isolate Whetten 1. Carbohydrate 

fermentation and production of urease, nitrate reductase, catalase, and PLD by the resulting 

mutant, W 1.31r1, were determined. Results of biochemical tests, with the exception of 

PLD production, were identical for Whetten 1 and W131r1. No PLD activity was detected 

in the mutant strain and Western blot analysis of broth culture filtrates from the mutant 

strain did not detect the production of antigenic material compatible with PLD. The 

genotype of the mutant was confirmed by Southern blot analysis and by cloning and 

sequencing part of the mutant allele from W1.31r1. It was concluded W1.31r1 was a 

mutant strain of Whetten 1 which differed only in the production of PLD. 

The virulence of wildtype and mutant strains was compared by inoculation 

of goats at the lateral aspect of the right distal metatarsus with 5 (105) or 5 (106) colony 

forming units (CFU) of either Whetten 1 or W1.31r1. In all cases, the wildtype caused 

abscessation at the site of injection and disseminated from the initial site of infection to the 

popliteal lymph node. Abscessation of the popliteal lymph node was evident in 2 of 6 goats 

receiving the wildtype strain, while marked lymphoid hyperplasia was found in the nodes 

of the other 4 animals in the group. With the mutant strain, only 1 of 6 goats had an 

abscess at the site of infection, and involvement of the popliteal and medial iliac lymph 

nodes was limited to moderate lymphoid hyperplasia. Bacteria were recovered from the 

primary lesion and from the popliteal lymph nodes of all the goats injected with Whetten 1, 

while the mutant strain was recovered from the primary lesion of a single goat. This paper 

provides direct evidence that the PLD of C. pseudotuberculosis is a virulence determinant 

affecting bacterial dissemination and survival within the host. The abscess which formed at 

the site of inoculation of one goat receiving 5 (106) CFU of the mutant bacteria suggests 
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that further attenuation of the bacteria may be necessary before a Pld- strain of C. 

pseudotuberculosis can be used as the basis of a vaccine. 

The second paper, "Sequence homology among the toxic phospholipases D 

of Corynebacterium pseudotuberculosis, Corynebacterium ulcerans, and Arcanobacterium 

(Corynebacterium) haemolyticum" presents evidence for the cloning of genes encoding 

PLD from the two corynebacterial species, and compares the nucleotide-deduced amino 

acid sequences of these proteins to those produced by C. pseudotuberculosis biovar ovis, 

Arcanobacterium haemolyticum, and to other proteins found in GenPept release 76.0, 

GPUpdate, SwissProt release 24.0, SPupdate, and Pir 36.0. 

Three conclusions can be drawn from the results described in the second 

paper. First, the genes encoding the PLDs from C. pseudotuberculosis biovar equi isolate 

155 and C. ulcerans ATCC 739 were cloned and the resulting recombinant strains of E. 

coli expressed synergistic hemolysis and sphingomyelinase and B-hemolysin inhibition 

activities, suggesting that PLD alone confers all three activities. Second, a comparison of 

the PLDs from C. ulcerans, C. pseudotuberculosis, and A. haemolyticum, revealed that the 

bacteria form a family of structurally-related proteins which share from 64% to 98% 

homology at the amino acid level. Third, computer searches of GenBank revealed that the 

cloned PLDs are unique when compared to other proteins. The bacterial PLDs share 11 of 

the 30 known amino acids of mammalian toxin, a PLD produced by the brown recluse 

spider. The complete amino acid sequence from mammalian toxin, when available, may 

indicate that the spider PLD is part of the bacterial PLD family of proteins. Finally, the 

bacterial PLDs had two regions of homology to conserved catalytic domains of 

glyceraldehyde 3-phosphate dehydrogenase. Computer predictions of the secondary 
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structure of the bacterial PLDs indicate that the regions of homology are located on the 

surface of the enzymes; the similarity between the three carbons and phosphate group of 

glyceraldehyde 3-phosphate to those found in the ceramide phosphate backbone of 

sphingomyelin suggests that the conserved domains may be involved in substrate binding. 
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CHAPTER 3 

Introduction 

This chapter describes the purification of PLD, chemical mutagenesis of C. 

pseudotuberculosis, transposon mutagenesis of the cloned PLD gene, and the construction 

of a mutant strain of C. pseudotuberculosis which lacks the gene encoding PLD. 

PLD from C. pseudotuberculosis has been purified from broth culture 

filtrates by several investigators (Goel and Singh, 1972; Linder and Bernheimer, 1978; 

Muckle and Gyles, 1986; Muckle et. aI., 1992, SouCek et. aI., 1971) using purification 

schemes involving methanolic and non-methanolic ammonium sulfate precipitation in 

conjunction with combinations of size exclusion chromatography, ion exchange 

chromatography, or isoelectric focusing. From the experience of others, size exclusion 

chromatography followed by isoelectric focusing is sufficient to purify PLD to greater than 

80% homogeneity (Linder and Bernheimer, 1978). Size exclusion chromatography 

removes low molecular weight contaminants, including peptides found in the rich media 

necessary to grow C. pseudotuberculosis. Isoelectric focusing purifies and concentrates the 

enzyme, since the pI of PLD is significantly higher than most other proteins found in broth 

culture filtrates. 

All known isolates of C. pseudotuberculosis produce PLD (Barksdale et. 

aI., 1981; Carne, 1940; Groman et. aI., 1984; Songer et. al., 1988; Wong and Groman, 

1984), and no naturally-occurring or chemically-induced mutants have been isolated. Two 

strategies, chemical mutagenesis and allele replacement, were employed to produce a Pld

strain of C. pseudotuberculosis. Chemical mutagenesis provided evidence that PLD is not 
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required for the viability to the bacteria and allele replacement was used to create an 

isogeneic pair of bacteria which differed only in the production of PLD. 

Materials and Methods 

Bacteria and culture conditions. 

C. pseudotuberculosis isolate Whetten 1 (biovar ovis) was obtained from a 

renal abscess in a goat with CL and has been maintained in lyophilized form. This isolate 

conforms to taxonomic characteristics of C. pseudotuberculosis with regard to colony 

morphology, Gram-stain, fermentation of sugars, susceptibility to antimicrobial agents, 

restriction endonuclease profile, and biochemical properties including the production of 

PLD (Brennan and Lehane, 1970, Jones and Collins, 1986, Judson and Songer et. aI., 

1988). Whetten 1 was cultured in 500 ml volumes of brain-heart infusion broth (BHIB, 

Difco Laboratories) in l-L Erlenmeyer flasks incubated with agitation (250 rpm), or on 

blood agar base (BAB) containing 5% washed ovine or bovine erythrocytes at 3TC for 36 

h. Staphylococcus aureus (ATCC 25178), a clinical isolate which produces B-hemolysin, 

and Rhodococcus equi (ATCC 33701) were cultivated in the same manner. Unless 

otherwise noted, E. coli strains were grown overnight in Luria-Bertani (LB) broth with 

agitation or on LB agar plates incubated at 3TC. Antibiotic selection of corynebacteria used 

12.5 J..lg ml- i Em. Selection of E. coli was with 200 J..lg ml- i Em, 100 J..lg ml- i ampicillin 

(Ap), and 25 J..lg mI- i streptomycin (Sm), kanamycin (Km), or tetracycline (Tc). 

Preparation of culture supernatant fluids. 

C. pseudotuberculosis, S. aureus, and R. equi were harvested from 500 ml 

culture supernatant fluid by centrifugation at 7,000 xg for 20 min and filtration (220 nm 
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pore diameter). Culture supernatant fluids from C. pseudotuberculosis were then dialyzed 

for 12 h at 4DC against 100 volumes of HPLC grade water (18 Mil resistance) and 

lyophilized. Culture supernatant fluids from S. aureus and R. equi (equi factor) were stored 

at 4 DC until needed. 

Radiometric assay. 

Sphingomyelinase (SM) activity was quantitatively determined by the 

release of 14C-choline from labeled sphingomyelin (Linder and Bernheimer, 1982). 

Duplicate samples were prepared by dilution in assay buffer (0.1 M Tris-HCI pH 9.2, 0.25 

mM NaCI and 0.5 mM MgCh) and placed on ice. A 10 J.lI aliquot of each sample was 

added to 25 J.lI of a sonicated suspension of 20 J.lI assay buffer and 5 J.lI of 1 mg ml- I 

sphingomyelin containing 1 J.lCilrnl [choline-Me- 14C]sphingomyelin (51 mCi mM-I, New 

England Nuclear, NEN) and incubated at 3TC. After 30 min, the reaction was stopped 

with 15 J.lI of 0.1 N HCI and liberated choline was separated by sequential extraction with 

150 J.lI chloroform/methanol (1:2 v/v), 50 J.lI chloroform, and 50 J.lI water (Kates, 1986). 

The aqueous phase (100 J.lI) was combined with 8 ml of scintillant and the samples were 

counted (0-670) with quench correction for 30 min or until a standard error of 20- was 

obtained. Enzyme activity was calculated as a ratio of the average counts from the duplicate 

samples minus the average counts obtained using assay buffer, to the total available counts 

and was expressed in units equal to the amount of enzyme hydrolyzing 1 mM 

sphingomyelin in 30 min per ml of sample. 

Hemolytic activity assays. 

Purified agar (1.5%) was dissolved in 8.5 ml of 0.2 mM phosphate 

buffered saline (pH 6.5, PBS) and cooled to 45DC. Equi factor and washed sheep red 
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blood cells (50% in PBS) were then mixed 2: 1 (v/v) and 1.5 ml of the mixture was added 

to the solution containing agar. The mixture was poured into radial immunodiffusion plates 

and allowed to solidify. Wells (3 mm diameter) were cut and 10 III of sample was loaded 

into each well. After 20 h at 37DC, synergistic hemolysis (SH) was measured as the 

diameter of the area of lysed erythrocytes surrounding each well. Immunodiffusion plates 

prepared using BHm instead of equi factor served as controls. Culture supernatant fluids 

from S. aureus were applied over the surface of a plate without equi factor to detect the 

inhibition of B-hemolysin (BHI). BHI activity, was observed as a zone red cells protected 

from hemolysis was recorded as the zone diameter. 

Protein assays. 

Protein concentrations were calculated by linear regression from absorbance 

measurements at A280 using bovine serum albumin fraction V as a standard. 

Gel filtration chromatography. 

The lyophilized material was rehydrated in a minimum volume of 0.1 M 

sodium phosphate buffer (pH 6.0) containing 0.25 M NaCI and 5% (v/v) glycerol and 

eluted from a column (2.5 x 32 cm) containing Bio-Gel P-60 (BioRad Laboratories) using 

the same buffer. Fractions with the highest specific activity were pooled and dialyzed for 

12 h at 4 DC against 20% glycerol. 

Isoelectric focusing. 

The electrolyte chambers of the Rotofor (BioRad Laboratories) were filled 

with 0.1 M H3P04 and 0.1 M NaOH in the anode and cathode, respectively. The fractions 

with the highest specific activity from the P-60 column were mixed with 2% (w/v) 

ampholyte pH 3 - 10 (Pharmacia Biotech) and cooled to 4 DC in the focusing cell of the 
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Rotofor. The sample was electrophoresed with initial limits of the power supply set at 2000 

V, 25 rnA, and 12 W constant power. When the current reached an eqUilibrium, after 

approximately 4 h, 20 fractions were collected and their pH, volume, and specific activity 

were determined. 

Determination of purity. 

The original material, purification intermediates, and the final product were 

analyzed by SDS polyacrylamide gel electrophoresis as described by Smith (1984). Gels 

were fixed and stained using the ultra-sensitive, color-producing, silver based method of 

Sammons et. al. (1981). 

N-terminal sequencing. 

An amino terminal sequence of 14 residues was determined for a 31 kDa 

protein isolated from Rotofor fraction 17, using an Applied Biosystems 470A protein 

sequencer. 

Chemical mutagenesis of C. pseudotuberculosis. 

The procedure of Miller (1972) was modified to attempt to create a Pld

mutant of C. pseudotuberculosis isolate Whetten 1. Whetten 1 in the logarithmic phase of 

growth was harvested by centrifugation, washed with sterile phosphate-buffered saline 

(PBS), and resuspended in citrate buffer with N-methyl-N'-nitro-nitrosoguanidine (NG) at 

a final concentration of 150 Ilg ml-I. After incubation at 3TC for 30 min, the cells were 

washed twice with PBS and were screened on BAB supplemented with 10% equi factors 

and 5% sheep red blood cells for loss of synergistic hemolysis. 

Recombinant DNA techniques. 

All constructs were made using standard recombinant DNA methods 
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(Ausubel, 1992; Sambrook et. al., 1989), with either E. coli DHSa or XLI-Blue as the 

host strain, unless otherwise noted. Restriction endonuc1eases and other enzymes were 

obtained from commercial sources and used as recommended by the manufacturer. 

Transposon mutagenesis of pHSS6-048. 

Transposon mutagenesis with a mini-Tn3 system (Seifert et. al., 1986) was 

used to create a set of plasmids with insertions along the entire length of the 4.8 kb 

fragment of DNA from pCp048 which encodes PLD from C. pseudotuberculosis isolate 

Whetten 1 (Songer et. al., 1990). The 4.8 kb fragment was transferred from pCp048 into 

the BamHI site of pHSS6 and the resulting plasmid pHSS6-048 was used to transform E. 

coli RDP146/pLB 101 to Kmr. The transposon was introduced into the cells containing 

pHSS6-048 by conjugation using E. coli RDPI46/pOX338::Tn3. Cointegrates of pHSS6-

048::Tn3 were resolved by mating the bacteria which harbored the three plasmids with E. 

coli SN2114Sm and selecting for Kmr, Apr, and Smr colonies. Plasmid DNA from 

SN2114Sm was recovered from 400 colonies by alkaline lysis and was used to transform 

E. coli dHSa to Apr. Individual colonies were examined for plasmid content, and the 

location and orientation of the transposon within the corynebacterial fragment was mapped 

using BamHI and HindIII. Culture supernatant fluids from an ordered set of insertional 

mutants were assayed for SM, SH, and BHI activities. 

Allele replacement. 

Plasmid plM6 was constructed to serve as a vector for allele replacement. 

This plasmid contained the ColE 1 replicon and the multiple cloning site from pBluescript 

IISK+, and a 3.6 kb PstI-BamHI fragment from pNG2 which encodes Emr. The structural 

gene encoding pld was deleted from pCp048 by recircularization of the plasmid after 
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digestion with SalI. The resulting plasmid, pCp048~Sal, had a 2.4 kb insert consisting of 

the 0.6 and 1.8 kb regions which flank pld. This fragment was cloned into the BamHI site 

of pJM6, forming plasmid pJM7. Plasmid pJM7 was introduced into C. 

pseudotuberculosis isolate Whetten 1 by electroporation at a field strength of 18 kV cm-! as 

described by Songer et. al. (1991) and plasmid integrates were screened on BAB 

supplemented with 12.5 J.lg ml-! Em, 10% equi factor, and 5% sheep red blood cells. 

Bacteria confirmed to be Emr were grown in BHIB for 48 h without selection to allow the 

plasmid to resolve from the chromosome. After 48 h, an aliquot of media containing 108 

bacteria was removed, diluted 1120 into BHill, and grown to a ~Klett value of 20, at which 

time 20 J.lg ml-! methicillin was added. The culture was allowed to grow overnight and the 

bacteria were recovered by centrifugation, washed 3 times in sterile water, and then 

screened for loss of SM on blood agar plates supplemented with equi factor. 

Phenotypic confirmation of W 1.23r 1. 

The mutant and wildtype strains of C. pseudotuberculosis were tested for 

fermentation of 10 carbohydrates, for Em r, and for the production of PLD, urease, nitrate 

reductase, and catalase. The fermentation pattern of each strain of bacteria was determined 

in liquid media using Bacto-carbohydrate differentiation disks (Difco Laboratories) as 

recommended by the manufacturer. An Em S phenotype was determined by an absence of 

growth on BAB plates supplemented with the antibiotic and 5% bovine blood. Standard 

tests were used to determine urease, nitrate reductase, and catalase activities (Lennette et. 

al., 1985). 
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Genotypic confirmation ofWl.23rl. 

Chromosomal DNA from Whetten 1 and W1.23rl was isolated using a 

method modified from Wilson (1992). Ten ml cultures were harvested by centrifugation at 

2,500 x g and washed with sterile distilled water. Prior to lysis, the cells were resuspended 

in 1.5 m1 TE containing 20 mg ml-I lysozyme (Sigma) and 0.1 mg ml-I proteinase K 

(Bethesda Research Laboratories) and incubated for 2 h at 3TC. Chromosomal DNA was 

digested with BamHI or HincH, electrophoresed through a 0.7% agarose gel, and 

transferred to a GeneScreenPlus membrane (DuPont). The membrane was prehybridized 

for 4 h at 42°C in Ix SSC (0.15 M NaCI and 0.015 M sodium citrate), 1 % SDS, 0.5% 

formamide, Denhardt's solution (0.04% FicoH 400, 0.04% polyvinylpyrrolidone, and 

0.04% bovine serum albumin, Fraction V), and 2.5 mg.ml- I yeast RNA. A 1.6 kb HillcH 

fragment encoding the gene for PLD was isolated from plasmid pCp051 s and labeled with 

a-[32p] dCTP (NEN) using an oligolabeling kit (Pharamacia Biotech) according to the 

manufacturer's instructions. The membrane was hybridized for 12 h and then washed twice 

with 2x SSC containing 0.1 % SDS for 5 and 15 min, and once each in 0.5x SSC, 0.1 % 

SDS for 15 min, O.lx SSC, 0.1% SDS for 15 min, and 0.1% SDS, 1.0% SDS for 30 

min. Autoradiography used Kodak X-OMAT AR film exposed 5 - 16 h at -70°C. 

Results and Discussion 

Purification of PLD. 

PLD was purified from broth culture filtrates of C. pseudotuberculosis to a 

specific activity of 276.5 by a combination of size exclusion chromatography and 

isoelectric focusing (Table 1). Sample preparation, dialysis and lyophilization of broth 
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culture filtrates, resulted in a 16.8 fold purification of PLD activity with substantial losses 

of both total protein and total activity. After dialysis, the recovery of total protein and 

activity was 45% and 50% respectively. Large numerical losses in activity have been 

reported by other investigators following dialysis and may reflect the loss of a low 

molecular weight cofactor necessary for activity since the protein has been shown to be 

stable in a purified form (Linder and Bernheimer, 1978; Onon, 1979). Lyophilization of the 

dialyzed fluids resulted in no additional losses of protein or activity. Dialysis followed by 

lyophilization compares favorably to methanolic or non-methanolic ammonium sulfate 

precipitation as a method of preparation of the broth culture filtrates with both procedures 

yielding similar returns PLD activity (Goel and Singh, 1972; Soucek et. ai., 1970). 

The concentrated material was fractionated by size exclusion 

chromatography, with PLD eluting from the column as a low, broad shoulder just prior to 

the main protein peak (Figure 1). Size exclusion chromatography using either sephadex G-

100 or G-200 matrices produced similar results, with differences seen only in the size and 

shape of the PLD-associated shoulder (Goel and Singh, 1972; Soucek et. aI., 1971). 

Purification using Bio-Gel P-60 matrix resulted in the smallest PLD-associated shoulder 

relative to the protein-containing peak. Differences in buffer composition, particularly the 

addition of NaCI to the column buffer, may also account for the variations in the elution 

pattern ofPLD (Muckle et. ai., 1992). Following size exclusion chromatography, only the 

fractions highest in specific activity (24 - 28) were pooled and prepared for isoelectric 

focusing by dialysis against 20% glycerol which resulted in an additional loss of 42% of 

the total activity. 

The dialyzed material was fractionated by isoelectric focusing in free 
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solution using the Rotofor. During the course of the Rotofor run, the voltage across the 

sample doubled, reaching a final reading of 950V, while the current decreased by half to 18 

rnA. A 2.73 to 12.13 pH gradient was formed across the sample chamber and a linear pH 

gradient from 3.8 to 10.3 was obtained in fractions 4 through 19 (Figure 2). PLD from the 

dialyzed material focused in two regions of the sample chamber (Figure 3). Fraction 1 

contained PLD activity associated with precipitated protein. Fractions 16 - 18 had the 

highest specific activities and focused within a pH range of 9.2 to 11.5, which corresponds 

with a reported pI value of 9.8 for PLD (Linder and Bernheimer, 1978). These fractions 

contained 8.6% of the PLD activity from the original broth culture filtrate, and when 

pooled, had a specific activity of 276.5. These results are consistent with others obtained 

by isoelectric focusing (Linder and Bernheimer, 1978), although differences in starting 

material, methanolic ammonium sulfate precipitates versus culture supernatant fluids, and 

PLD and protein assay procedures, prevent a direct numerical comparison. 

Throughout the purification process, BHI and synergistic hemolysis activity 

were monitored in addition to PLD activity. Contrary to the findings of other investigators 

(Muckle and Gyles, 1986), BHI and SH activities copurified with the SM activity. 

A silver stained SDS polyacrylamide gel of Rotofor fraction 17, the fraction 

with the highest specific activity, revealed two protein bands of approximately 31.5 and 

21.5 kDa molecular mass (Figure 4). Linder and Bernheimer (1978), using a similar 

purification scheme, purified PLD to 80% homogeneity and based on a Coomassie blue 

stained SDS-polyacrylamide gel, demonstrated PLD had a molecular mass of 31.0 kDa. 

This value for the mass of PLD has been confirmed by other investigators using silver 

stained SDS-polyacrylamide gels of fast-protein liquid chromatography gel filtration 
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purified material (Muckle et. al., 1992). Lower molecular weights have been reported for 

PLD following purification schemes using ion exchange matrices. PLD, as monitored by 

SM activity (Soucek and Souckova, 1974) or dermonecrotic and BHI activities (Onon, 

1979), corresponds to a protein between 16 - 18 kDa or of 14.5 kDa molecular mass, 

respectively. These differences in the molecular mass of PLD are most probably due to 

limitations of the technique used to determine their value, with the lower mass estimates 

due to non-sieving interactions between PLD and chromatography matrices (Soucek and 

Souckovci, 1974) or to inappropriate estimates of hydration or conformation values needed 

when molecular mass is calculated from sedimentation coefficients (Onon, 1979). 

Purification data when combined with information obtained from cloning 

pld indicates the PLD of C. pseudotuberculosis is a single protein with a molecular mass of 

::::31 kDa. PLD activity corresponded to a 31 kDa protein which is labeled by antibodies 

from sheep with natural C. pseudotuberculosis infections (Muckle, et. al. 1992), or in the 

case of Rotofor fraction 17, by antibodies against recombinant PLD prepared from a clone 

of pld from an ovine isolate of C. pseudotuberculosis. Alignments of N-terminal sequences 

of purified PLD with amino acid sequences predicted from cloned PLD genes (Table 2) 

shows a direct correspondence between the protein and nucleotide-derived sequences 

(Hodgson et. ai., 1990; Muckle et. af., 1992). Finally, the ability of the single transcript 

from pld to confer SM, SH, and BHI activities to E. coli (Hodgson et. af., 1990a; Songer 

et. al., 1990) and a lack of these activities in a Pld- strain of C. pseudotuberculosis 

(Appendix A; Hodgson, 1992) indicates that a single protein is sufficient to confer these 

activities on C. pseudotuberculosis. 
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Specific % % 
Volume Total Total Activity Recovery Recovery 

Stage (ml) Activity (U) Protein (mg) (U1mg) Activity Protein 

Supernatant 1000 4.2 (105) 4.7 (104) 8.9 100 100 

Dialysis 1 1015 2.1 (105) 1.2(104) 16.8 50 25 

Size Exclusion 49.6 8.2 (104) 1.3 (103) 62.8 19.5 2.7 

Dialysis 2 51.5 4.5 (104) 1.2 (103) 36.2 10.7 2.5 

IEF 6.3 3.6(104) 130.2 276.5 8.6 0.28 

Table 1. Summary of PLD purification steps. PLD activity was measured by the 
radiometric assay and protein concentrations were calculated from A280 values. 
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Figure 1. Purification of C. pseudotuberculosis PLD on Bio-Gel P60. Fractions (10 ml) 
were collected and SM activity was measured using the radiometric assay and protein 
concentrations were calculated from A280 values. Fractions with the highest specific 
activity (numbers 24 - 28 shaded in grey) were pooled and further purified. 
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Figure 3. Purification of C. pseudotuberculosis PLD by isoelectric focusing. SM activity 
was measured using the radiometric assay and protein concentrations were calculated from 
A280 values. 
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Figure 4 Silver stained SDS-polyacrylamide gel of purified PLD. Molecular weight 
markers, are in lane 1, broth culture filtrate is in lane 2, and Rotofor fraction 17 is in lane 3. 
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12 13 14 
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Table 2. Alignment of N-terminal sequence of the purified 31 kDa protein with amino acids 
deduced from the nucleotide sequence of pld encoded by pCpE13s, a plasmid carrying a 
1.6 kb chromosomal insert from C. pseudotuberculosis biovar equi isolate 155 which 
confers SM, SH, and BHI activities on E. coli. The question marks at positions 13 and 14 
indicate that no amino acid residues was detected during these cycles. 
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Mutagenesis of pld. 

Attempts to isolate Pld- mutants of C. pseudotuberculosis after exposure to 

NG were unsuccessful. Approximately 33,000 colonies of NG treated bacteria were 

screened for loss of synergistic hemolysis and no non-hemolytic colonies were obtained. 

Isolation of Pld- mutants of C. pseudotuberculosis after exposure to UV irradiation or ethyl 

methanesulfonate or acridine orange have also been unsuccessful (H.R. Carne and C.A. 

Muckle, personal communications with J.G. Songer). NG at a final concentration of 150 

Ilg mI- 1 was found to result in a killing frequency of 50% for C. pseudotuberculosis isolate 

Whetten 1, indicating that the failure to find Pld - mutants was not because the mutagen was 

excluded from the bacteria. Screening additional NG treated colonies of C. 

pseudotuberculosis may result in the isolation of a Pld- mutant, since it was necessary to 

screen larger numbers of NG treated Haemophilus inJluenzae to obtain a single colony of 

bacteria which did not produce a specific outer membrane protein (Y ogev and Hansen, 

1987). 

Transposon mutagenesis of pHSS6-048. 

A total of 29 mini-Tn3 insertions were mapped into pHSS6-048 and tested 

for SM, SH, and BHI activities (Figure 5). Nine independent transposon insertions can be 

used to defined the gene encoding PLD. These insertions, all of which deleted the three 

activities attributed to PLD, fall within a contiguous stretch of DNA approximately 800 bp 

in length. Twenty transposon insertions were mapped into the DNA which flanks pld with 

the largest distance between any two of these inserts being approximately 350 bp. 

Collectively, these results indicate that PLD is a single protein with SM, SH, and BHI 
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activities. 
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Figure 5. Map of mini-Tn3 inserts into the 4.8 kb chromosomal fragment cloned from C. 
pseudotuberculosis biovar ovis isolate Whetten 1. Restriction sites are abbreviated as B: 
BamHI, Bx: BstXI, C: ClaI, H HincH, P: PstI, S: Sall. Transposon insertions are 
indicated as flags pointing in the direction of transcription of B-Iactamase encoded by the 
transposon. Filled flags indicate the insertion of the transposon deletes SM, SH, and BHI 
activities. The inset is a magnified (2x) view of the region of DNA delineated by the dashed 
lines and from left to right depicts the location and orientation of pHSS6-048::Tn3.13, 5, 
14, 1, 15, 3,2,6, and 7. 
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Allele replacement. 

Mutagenesis of the genomic copy of pld from C. pseudotuberculosis and allele 

replacement followed the strategy of Gutterson and Koshland (1983). This technique 

requires a plasmid carrying a selectable marker and a unique restriction site into which the 

altered pld can be cloned, and which is unable to replicate unless integrated into the 

chromosome of C. pseudotuberculosis. The rudiments for the construction of this plasmid 

were available for use in C. pseudotuberculosis. The ColEl origin of replication from 

pBluescript IISK+ has been shown to be nonfunctional in C. pseudotuberculosis, but 

allows for construction of the plasmid in E. coli. The gene encoding Emr from pNG2, a 

broad host range plasmid originally isolated from C. diplztlzeriae (Schiller et. ai., 1980; 

Serwold-Davis, 1986; Hodgson et. al., 1990), is functional in both corynebacteria and E. 

coli (Songer et. ai., 1991). After introducing the plasmid construct into wildtype C. 

pseudotuberculosis, bacteria with the plasmid integrated into the chromosome are selected 

using Em. The plasmid integrates are then resolved by growing the bacteria without 

selection, leaving bacteria with either the wildtype or the mutated allele of pld in the 

chromosome. A modified procedure based on classical penicillin amplification was then 

used to select for bacteria have lost the plasmid sequences (Davis, 1948; Lederberg and 

Zinder, 1949). This amplification scheme relies on the fact that Em is bacteriostatic and on 

the observation that only growing bacteria are killed by B-Iactam antibiotics. In the presence 

of Em, only those bacteria with the Em r marker integrated into the bacterial chromosome 

will grow, and thus be susceptible to the bactericidal effect of methicillin. Bacteria which 

have lost the Em r marker remain viable under these conditions and are potential Pld

mutants. 
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The plasmid pJM7 was constructed to factiliate allele exchange. In this 

plasmid, a 2.4 kb fragment of DNA which includes the gene encoding PLD from C. 

pseudotuberculosis isolate Whetten 1 was deleted, leaving the 0.8 and 1.6 kb fragments of 

DNA which flanked the gene (Figure 6). Allele replacement using this vector was expected 

to delete pld from the chromosome of C. pseudotuberculosis. 

Plasmids pNG2, pJM3, or pJM7 were introduced into Whetten 1 by 

electroporation. Transformation efficiencies in CFU per Jlg plasmid DNA were 7.7 (105) 

for pNG2 and 1.3 (10 2) for pJM7. Plasmid pJM3 was unable to transform Whetten 1. 

Electroporation at a field strength of 18 kV resulted in a transformation efficiency for 

plasmid pNG2, the positive control, approximately lO-fold higher than previously achieved 

using a field strength of 14 kV (Songer, et. al., 1991). Only 1.3 (10 2) CFU Jlg DNA were 

achieved with pJM7, suggesting that electoporation at the higher field strength is necessary 

for this method of allele replacement. Plasmid pJM3, which is similar to pJM7 except it 

contains no corynebacterial-derived DNA sequences, served as the negative control. The 

failure of pJM3 to transform Whetten 1 suggests that the Emr phenotype of the bacteria 

transformed with pJM7 was the result of the integration of pJM7 into the chromosome of 

Whetten 1 by homologous recombination. Plasmid integrates from several individual 

colonies were allowed to resolve from the chromosome by cultivation of the bacteria in the 

absence of Em. Amplification of mutant bacteria from the culture grown without selection 

proved to be of limited utility since it was necessary to screen over 4,500 colonies to obtain 

one non-hemolytic mutant colony of bacteria. 

A single mutant colony, W1.23rl, was confirmed as C. pseudotuberculosis 

by biochemical tests. The patterns of carbohydrate fermentation and enzyme production 
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were identical to those of Whetten 1, the parental strain, except in the production of PLD 

and in its resistance to Em (Table 2). The Em f phenotype of the mutant implies that pJM7 

sequences still reside within the chromosome of W1.23rl. The selection for plasmid 

integrates using 12.5 Jlg ml-! Em probably resulted in amplification of the Em f gene and in 

future experiments 1 Jlg mI-! Em was used for plasmid integrate selection (Gutterson and 

Koshland, 1983). Amplification of the gene encoding Emf also accounts for the poor 

results seen when methicillin was used to isolate mutant bacteria, since the strategy requires 

the presence of bacteria which are sensitive to Em. 

To confirm the loss of PLD production by W 1.23r 1 was due to loss of pld, 

chromosomal DNA was isolated from the wildtype and mutant strains of bacteria and 

probed with pld (Figure 7). With Whetten 1, the probe recognized 4.8 kb Bam HI and 1.6 

kb HincH bands, which correspond in size to DNA fragments which encode PLD. The 

probe did not detect any homologous DNA in the mutant strain, suggesting that W 1.23r1 

contained the expected mutation. 
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Figure 6. Map of the allele replacement vector pJM7.Restriction sites are abbreviated as P: 
PstI, B: BamHI, S: SaLI, and Bg: Bgll. The shaded box represents the corynebacterial 
chromosomal DNA insert. The light and dark shading represent the DNA fragments 
upstream and downstream of the pld deletion respectively. The erythromycin gene (Emr) is 
represented as an arrow showing the direction of transcription. The ColE 1 origin of 
replication is depicted as an arrow and indicates the direction of replication. 



WhettenI WI.23rI 

Arabinose 

Dextrose + + 

Dulcinol 

Galactose 

Sucrose 
Carbohydrates 

Inostiol 

Maltose 

Sorbitol 

Trehalose 

Xylose 

Catalase + + 

Emr + 

Enzymes Nitrate Reductase 

Sphingomyelinase + 

Urease + + 

Table 3. Carbohydrate fermentation and enzyme production of C. pseudotuberculosis 
wildtype strain Whetten I and mutant strain WI.23rI. 
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Figure 7. Southern blot analysis of genomic DNA from Whetten 1 and W1.23r1 probed 
with pld. Lanes 1 and 2 contain Whetten 1 DNA digested with BamHI and HincH, 
respectively. Lanes 3 and 4 contain similarly digested W1.23r1 DNA. In the lanes 
containing Whetten 1 DNA, bands of 4.8 and 1.6 kb which correspond to DNA fragments 
previously associated with pld are identified. In the lanes containing W1.23r1 DNA, no 
homologous DNA fragments are identified by pld. 
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