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ABSTRACT 

Purified DNA from a nalidixic acid resistant derivative of a 

virulent serotype 0:3 clinical isolate of Yersinia enterocolitica was 

subjected to transpositional mutagenesis in an effort to construct 

avirulent mutants. The resulting transpositional mutants, as well as the 

wild-type virulent strain and its isogenic derivative that had been 

cured of the virulence plasmid~ wer.e analyzed for plasmid DNA content. 

The plasmid DNA content of each strain was further characterized by 

restriction endonuclease digestion and the transposon insertion sites 

for the mutants were located. All of the strains were then tested for 

pathogenicity by the following assuys: calcium dependence, colonization 

of the mouse gastrointestinal tract, HEp-2 cell adherence and invasion, 

HEp-2 cell monolayer detachment, autoagglutination, serum resistance, 

outer membrane protein production and production of V antigen. In addi

tion, the hydrophobic properties of each strain were examined by a rapid 

polystyrene plate method and hydrophobic interaction chromatography. The 

results of the tests were compared to plasmid DNA analyses for each 

strain in an attempt to identify any plasmid-associated genes that are 

related to virulence. 

The wild-type strain was virulent, or positive, by all of the 

assays employed for evaluation or pathogenicity. In contrast, its 
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isogenic derivative that had been cured of the virulence plasmid was 

negative, or avirulent, for the same assays with one exception. The 

avirulent plasmidless strain still retained the ability to adhere to and 

invade HEp-2 cells, supporting the belief that these properties are 

probably encoded by the bacterial chromosome. In addition, three 

transpositional mutants were constructed that were no longer calcium 

dependent, capable of detaching HEp-2 cell monolayers or able to produce 

three unique outer membrane proteins. Restriction endonuclease analysis 

confirmed the presence of the transposon on the Hind III "A" fragment of 

the virulence plasmid and located the region responsible for the lost 

virulence properties. The gene or set of genes identified were 

designated cal and the respective calcium independent mutants Cal 

Furthermore, the assays for hydrophobicity indicated that the virulence 

plasmid, specifically the cal gene(s), codes for hydrophobic properties 

on the surface of the bacterium. The study demonstrated that a 

virulence-associated region, cal, is located on the virulence plasmid of 

Y. entrocolitica and is responsible for calcium dependence, HEp-2 cell 

monolayer detachment, the production of the three plasmid-specified 

outer membrane proteins and cell-surface hydrophobicity. 



INTRODUCTION 

Enteric disease resulting from bacterial infections have become 

a problem of worldwide concern. In improverished areas where 

malnutrition and unsanitary living conditions exist, enteric diseases 

represent a significant cause of mortality as well as morbidity. Whereas 

microorganisms such as Escherichia coli, Salmonella sp. and Shigella 

sp. are the most commonly encountered enteric pathogens, recently 

recognized bacteria have begun to emerge. Included among these 

increasingly prevalent microorganisms are Campylobacter fetus and 

Yersina enterocolitica, bacteria previously unclassified or believed to 

be harmless commensals. 

Y. enterocolitica is becoming a more frequently isolated 

bacterium and this, in part, is due to its wide distribution in nature. 

Additionally, many warm-blooded animals including man serve as excellent 

reservoirs for the organism. In a similar context, many foods have been 

found to harbor the bacterium and the major roots of transmission is be

lieved to be through the ingestion of contaminated food or water. 

Several recent outbreaks have occurred that support this assumption. It 

also appears that the organism can be spread through human contact, both 

direct and indirect. However, the incidence of yersiniosis tends to 

follow specific distributions; the largest percentage of cases occur in 

the fall and among individuals with debilitating conditions or under the 

age of 15 years. 

1 
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Y. enterocolitica has become an extensive human pathogen and has been 

implicated in several diseases. Gastroenteritis and pseudoappendicitis 

are the more frequently encountered syndromes, but the organism has also 

been reported to be associated with such widely disperse anomalies as 

arthritis, myocarditis, meningitis and hemolytic anemia. The bacterium 

has also been recovered from the stools, cerebrospinal fluid, blood, 

urine and eyes of infected individuals. Clinical manifestations of the 

disease include fever, vomiting, abdominal pain, nausea and headache. 

Although relatively rare, fatalities due to yersiniosis have been known 

to occur. 

Some of the factors affecting the degree of pathogenicity of Y. 

enterocolitica include the infectivity of the particular strain, resist-

ance of the individual and incubation temperature. More specifically, 

con-siderable differences in virulence exist among the different sero-

types. The virulent human serotypes also differ from one another with 

respect to their physiology and laboratory animal virulence. 

Several properties have become associated with the virulence of 

Y. enterocolitica including the production of plague V and w 

antigens and calcium dependence. A number of laboratory animal tests 

have been developed to evaluate the degree of pathogenicity of the 

organism. Among the more commonly employed models are the mouse 
I 

diarrhea and colonization assays and the Sereney guinea pig test for 

invasiveness. In addition, a variety of in vitro assays have been 

developed to study virulence-associated phenomena including HEp-2 cell 

adherence and invasion, HEp-2 cell monolayer detachment, 
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autoagglutination, serum resistance and the production of several 

unique outer membrane proteins. All of these tests have been shown to 

be dependent upon cultivation of the organism on low calcium medium at 

37 C. 

The genetics of Y. enterocolitica, as related to its 

pathogenesis, have recently become a topic of great . interest. 

Initially, certain aspects of virulence were ascribed to the presence 

of a 41 megadalton plasmid. A number of other virulence-associated 

properties have also since been attributed to genes on this virulence 

plasmid. However, at least one aspect of pathogenesis, invasion, has 

been shown to be related to information on the bacterial chromosome. 

The genetics involved in the bacterium's ability to cause disease are 

becoming increasingly complex and the importance of investigations 

designed to resolve this issue are obvious. Although the significance 

of the virulence plasmid in the pathogenesis of !. enterocolitica has 

already been defined, a more detailed characterization of this plasmid 

would provide better insight into the role(s) this extrachromosomal 

genetic element plays. Such information would lead to a more complex 

understanding of the mechanisms involved in the virulence of this 

pathogen and could eventually result in the establishment of better 

methods for preventing and controlling infections caused by this and 

similar pathogenic microorganisms. 

It is the purpose of this study to elucidate the role of the 

virulence plasmid in the pathogenicity of Y. enterocolitica. It is 

probable that this extrachromosomal replicon contains at least one 
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gene or set of genes that is directly related to the virulence of the 

organism. A more extensive knowledge of the function(s) of such a 

virulence gene(s) is required for a better understanding of the 

mechanisms by which ~ enterocolitica causes disease. 



REVIEW OF LITERATURE 

Taxonomy of Yersinia enterocolitica 

Y. enterocolitica was first isolated in 1939 by Schleifstein and 

Coleman (114) in the United States and designated Bacterium 

enterocoliticum. European workers in the early 1960s isolated a similar 

group of bacteria and named them Pasteurella pseudotuberculosis b, P. 

pseudotuberculosis-like organisms, or Pasteurella x (41, 80). 

Frederiksen (49), recognizing that these latter strains were similar to 

the strain isolated by Schleifstein and Coleman, proposed that the 

organism be collectively designated!. enterocolitica. 

This bacterium exists morphologically as a Gram-negative, non-

sporeforming, facultatively anarobic rod. It is classified in the 

family of Enterobacteriaceae by virtue of its common antigens, bio-

chemical and core DNA relatedness (23,45). The vegetative cells in a 

young culture are typically ovoid to rod-shaped and later develop into 

the characteristic rod-shaped morphology. They are generally motile at 

temperatures below 30°C, but nonmotile at 37°C (107,165). Indole is 

variably produced, the methyl red test is positive, and the Voges

Proskauer test is negative at 37°C, but generally positive at 22-30 o C 

(39) • The temperature growth range is -2 to 40°C, with optimum growth 

at 30 - 37°C (106). 

Subsequent studies in Europe indicated a ubiquitous distribution 

and a wide host range for strains of Y. enterocolitica. These strains 

5 
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were also determined to be biochemically heterogeneous. Nil~hn (108) 

attempted to clarify the confusion by devising a biotyping scheme 

designed to separate strains into five biochemically distinct 

categories. Wauters (1978) later derived a similar biotyping scheme 

using lecithinase activity as an additional characteristic and omitting 

some of Nilehn's substrates. Further modification of the biotyping 

scheme was recently made using deoxyribonuclease activity as an 

additional characteristic and omitting two more of Nilehn's substrates 

(13). DNA homology studies have shown that strains classified according 

to the aforementioned schemes as Y. enterocolitica biotypes 1 through 5 

are highly related and constitute a single species (23, 24). 

Many strains which are typically rhamnose-positive or 

sucrose-negative have been included in the species Y. enterocolitica 

or referred to as Y. enterocolitica-like organisms (19, 56) • 

Investigators studying the DNA relatedness of these strains have 

correlated these data with biochemical and other phenotypic 

characteristics (13, 14, 22, 24, 171). The results of these 

investigations have conclusively demonstrated that the Y. 

enterocolitica-like organisms form at least three distinct DNA 

relatedness groups separate from Y. enterocolitica and three new 

species have been proposed. Strains which are rhamnose-, melibiose-, 

alpha-methyl-D-glucoside-, raffinose-, and Simmons' citrate-positive 

compromise the species Y. intermedia. Y. frederiksenii consists of 
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strains that are rhamnose-positive, but negative in tests for 

melibiose, alpha-methyl-D-glucoside, and raffinose utilization. Y. 

kristensenii is composed of strains that are sucrose- and 

Voges-Proskauer-negative, but trehalose-positive. 

Y. enterocolitica may be characterized immunologically on the 

basis of cell-surface antigens, principally the 0 or somatic antigen 

(178, 180, 181). However, many strains which have been isolated are 

non-typable (61, 143). The serological reactions, when they occur, 

are similar in principle to those found with Salmonella (31). The 0 

antigens are complex lipopolysaccharides that are part of the 

endotoxin structure of Y. enterocolitica. The immunological reactions 

depend upon the kinds of sugars and their chemical bonding. The 

various serotypes are determined by reactions of these antigens with 

antisera. Cross-reactions of antisera to Yersinia to 0 antigens of 

Brucella have been observed (68). 

Winblad (185) first introduced a serological typing scheme 

with nine somatic (0) antigen groups. This scheme was expanded by 

Wauters et al. (180, 181), who characterized thirty-four 0 antigen and 

flagellar (H) antigen groups. Among 7,000 strains of Y. 

enterocolitica sensu stricto examined by Bercovier et al. (13) using 

this scheme, 82% were typable. Except for biotype 4, whose strains 

belonged to only one serotype (0:3), all biotypes consisted of strains 

which belonged to more than one serotype. 

A large percentage of strains of other Yersinia species was 

also typable into serotypes of the Wauters scheme (13, 14, 24, 171). 
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Fifty-eight percent of 321 Y. intermedia strains were placed into 27 

subgroups. Among 201 strains of Y. frederiksenii, 98% were grouped into 

twenty serotypes, while 76% of 115 Y. kristensenii strains were placed 

into nine different serotypes. 

Ecology and Epidemiology of Y. enterocolitica 

Y. enterocolitica and its related species are widely distributed 

in fresh water and terrestrial ecosystems (102). Y. enterocolitica has 

been isolated from stream, lake and well water (61, 79, 138) and has 

been implicated in outbreaks of waterborne disease (61, 86). However, 

strains of Y. enterocolitica which resemble clinical isolates are rarely 

found in water; strains of Y. intermedia and Y. frederiksenii are 

isolated from water and the environment more commonly than strains of Y. 

enterocolitica (59, 147). 

Warm-blooded animals probably constitute the largest reservoir 

of Y. enterocolitica (65, 72, 100). Serotype 0:3 strains, a common 

cause of human infection in Europe (100), Japan (191) and Canada 

(167) , have been isolated from swine (46, 166, 168). Serotype 0:9 

strains, which also cause human infections (167), have been isolated 

from swine (46) dogs, cats (6) and rats (193). In the United States, 

where Y. enterocolitica serotypes 0:5,27 and 0:8 are often associated 

with human infection (16, 183), serotype 0:5,27 strains have been 

isolated from cattle (17) and swine (55). Doyle et al. (44) have 

isolated serotype 0:08 strains, as well as other serotypes, from 

porcine tongues. In addition, household dogs have been 
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epidemiologically incriminated as a source of serotype 0:8 Y. 

entrocolitica in an outbreak of human illness (52). In a recent 

Scandinavian study, Kapperud (74) biochemically and serologically 

characterized Yersinia strains isolated from wild mammals, birds, 

fish, ''later and soil. The results of this study indicated that Y. 

enterocolitica biotype 1 
, 

(Nilehn scheme) wac predominantly 

terrestrial, whereas Y. intermedia and Y. enterocolitica other than 

biotype 1 were more frequently isolated from fish and water. Y. 

frederiksenii and Y. kristensenii had partially overlapping 

reservoirs. Y. frederiksenii was prevalent in fish, but rare in 

terrestrial vertebrates; Y. kristensenii was more commonly isolated 

from terrestrial vertebrates than from fish. 

Man is also a major reservoir for Y. enterocolitica and 

related species. Shayegani et ale (147) isolated 149 strains of 

Yersinia species from humans, of which 120 (80.5%) were Y. 

enterocolitica, 18 (12.1%) were Y. intermedia, 8 (5.4%) were Y. 

frederiksenii and 3 (2.0%) were _X. kristensenii. In the United 

States, the largest percentage of ~. enterocolitica isolates belong to 

serotype 0:8, whereas Canadian, European and Japanese isolates more 

commonly belong to serotypes 0:3 or 0:9 (147, 167, 192). The serotype 

0:8 strains from the United States and the 0:3 strains from Canada 

typically belong to unique biogroups. The "American" 0:8 strains 

belong 
, 

to biotypes 2 of Nilehn, 1 of Wauters, and 2 of Knapp and Thal; 

they are in phage type Xz. The "Canadian" 0:3 strains belong to 

biotypes 4 of Nilehn, 4 of Wauters, and 1 Knapp and ThaI; they are in 



phage 

strains 

(147) 

type IXb. In contrast, 

Lelong to phage type VIII. 

reported the isolation of 

10 

European and Japanese serotype 0:3 

A recent study by Shayegani et ale 

the "American" serotype 0:8 and 

"Canadian" serotype 0:3 strains from 18% and 9% of human specimens, 

respectively. Additionally, these unique strains were not isolated 

from animal or environmental samples. These observations suggest that 

while many serotypes and biotypes are found in both man and animals 

(19, 74, 147), certain strains may be unique to man. 

Y. enterocolitica is a zoonotic organism with the major route 

of transmission believed to be via the ingestion of food contaminated 

with feces, urine or insects (79, 155). Y. enterocolitica has been 

consistently isolated from beef and lamb (10, 57, 69, 91) and has also 

been found in chicken (91). It has been isolated most frequently from 

swine carcasses and pork (44, 46, 55, 91, 142, 166, 168, 179, 182, 

193). Clearly, swine serve as a natural reservoir for Y. 

enterocolitica; nevertheless, there is insufficient data to determine 

whether or not swine are a major source of human infection. Y. 

enterocolitica is not restr:i.cted to warm-blooded animals and their 

food products; it has been isolated from oysters, shrimp, crab, brown 

trout (75, 89, 120) and vegetable samples (93). 

Y. enterocolitica has also been isolated from raw cow's milk 

(8, 66, 67, 143), pasteurized cow's milk (17, 37), raw goat's milk 

(174) and cheese curd (137). The consumption of contaminated milk 

and dairy products is considered to be another important mode of 

transmission from animals to man for this organism. The occurrence of 
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several recent outbreaks support this belief; the first was reported 

in 1975 in Montreal, Canada (60). A total of 137 elementary school 

childern and one adult, all of whom had consumed raw milk, developed 

enteric symptoms. Y. enterocolitica was isolated from both the milk 

and the ill children, but isolates from the two sources did not belong 

to the same serotype. Although not conclusive, the evidence strongly 

implicates raw milk as the source of infection. 

In the United States, the first documented foodborne outbreak 

occurred in 1976 in New York (17, 35). Serotype 0:8 y. enterocolitica 

was isolated from a carton of chocolate milk implicated in an outbreak 

involving 234 school children. Organisms of the same serotype were 

isolated from the stools of infected children. Although the source of 

contamination was not proven, it has been assumed that the milk became 

contaminated when chocolate syrup was added to the milk after 

pasteurization. 

T~ most recent incident of yersiniosis involving milk 

occurred in 1982, and was the largest outbreak ever reported in the 

United States (37). Although milk from suspected lots could not be 

obtained for culture, an epidemiological investigation implicated milk 

pasteurized at a plant in Memphis, TenneRsee, as the vehicle of 

infection. The means of contamination remains unknown. 

Water is another vehicle which may serve as a major route of 

transmission for Y. enterocolitica. Lassen (86) collected fifty 

samples of drinking water from various sites in Europe, and was able 

to recover Y. enterocolitica from ten of these samples. Based upon 
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these results, he proposed that pathogenic strains of Y. 

enterocolitica might be transmitted through drinking water. 

In another report (61),!. enterocolitica was recovered from 

well water implicated in a water-borne outbreak of gastroenteritis. 

This study also reported the growth and replication of the organism in 

sterile distilled water at temperatures of 4, 25 and 37 c. 

Unfortunately, clinical isolates were not obtained and this outbreak 

could not conclusively be attributed to the water isolates. 

A single incident did occur which provided more substantial 

evidence to support the hypothesis that water is a significant source 

of infection. In 1972, a man became ill during a camping trip and Y. 

enterocolitica was recovered in pure culture from his blood and 

surgically drained shoulder. A serotype 0:8 strain was isolated from 

both the patient and the mountain stream near his campsite. This led 

investigators to theorize that infected animals could have 

contaminated the area via their feces. With a subsequent rain or snow 

thaw, the bacterium could have been carried into and contaminated the 

stream. 

The most recent outbreak of water-borne yersiniosis occurred 

in Washington State during 1982 (36). A total of 87 individuals 

contracted 

of tofu 

the illness after having consumed a locally produced brand 

that had been packed in untreated spring water. Y. 

enterocolitica was recovered from the tofu, the processing plant's 

water supply and several sites within the plant. Additionaly, the 

organism was isolated from fifty-six of the cases. A neighborhood 
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case-control study revealed a significant association between Y. 

enterocolitica infection and tofu consumption (p < 0.01). The 

serotypes of the various isolates have not yet been determined. 

Although it cannot be proven, there is evidence that Y. 

enterocolitica can also be spread via direct or indirect human 

transmission. Evidence that supports such modes of transmission may 

be inferred from the marked incidence of yersiniosis in young children 

who have had no contact with animals (7, 15, 42, 191), reports 

involving familial and interfamilial outbreaks (5, 52, 162) and 

"epidemics" in confined settings (113, 164, 192). The existence of 

asymptomatic carriers of Y. enteroco1itica also supports an interhuman 

mode of transmission (101). 

Yersiniosis outbreaks follow specific distributions. Seasonal 

variations indicate that the lowest frequency occurs in the Spring, 

with an increase in the Summer and Fall, and the highest frequency 

occurring in October and November (179, 187, 193). The greatest peak 

in infection depends 

the reporting station. 

individuals less than 

on the geographical location and the climate of 

The highest incidence of infection is found in 

fifteen years of age (136, 172) and in 

debilitated individuals (79). Disease attributable to Y. 

enterocolitica can no longer be considered a rarity; it has become an 

undisputed public health problem. In fact, some researchers have 

suggested that, in Canada, bacterial enteritis caused by this organism 

has surpassed the incidence of Shigella and is second only to 

Salmonella (83, 115, 167). 
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Pathogenicity and Virulence of Y. enterocolitica: Clinical Aspects 

There can be little doubt that Y. enterocolitica is a human 

pathogen; it has been implicated in several acute human diseases (17, 

19, 165, 167, 192). Y. enterocolitica has been shown to be the causative 

agent of gastroenteritis, pseudoappendicitis (17, 107, 187. 192), 

mesenteric lyphadenitis (21), arthritis (5, 188), terminal ileitis (98, 

113), and erythema nodosum (103, 186). It has also been implicated in 

myocarditis (4), meningitis and panophthalmitis (154), cellulitis (1, 

125), Reiter's disease (3, 152), hemolytic anemia (176), and furuncles 

(87) • Several studies have demonstrated the presence of antibodies to 

serotype 0:3 in patients with thyroid disorders (12, 148, 175). Another 

study (110) reported that the organism accounted for 3.8% of all 

appendectomies, due to the similarity between Y. enterocolitica 

enteritis and appendicitis (9, 70, 192) • In fact, sixteen children 

received appendectomies after they contracted enteritis during a 

foodborne outbreak (17) • 

Y. enterocolitica has been isolated in a large number of 

clinical syndromes including peritonitis, abscesses of the colon, 

spleen, liver and neck, cholecystitis and erysipelas-like eruptions (53, 

125, 126, 155). The bacterium has also been recovered from the stools, 

cerebrospinal fluid, blood, urine and eyes of infected individuals 

(153). Septicemia due to the organism does occur, but it is the rarest 

form of Y. enterocolitica infection. It is, however, the most serious 

form of yersiniosis, as it is accompanied by a 50% mortality rate (1, 

79, 105). 
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Gastroenteritis is the major expression of pathogenicity in 

humans and diarrhea is the predominant symptom associated with 

yersiniosis (95). Additional clinical manifestations of infections 

often include fever, vomiting, abdominal pain, nausea and headaches 

(9, 35, 42, 60, 81, 84, 108, 110, 192). These symptoms have been 

reported, although at varying frequencies, by clinics around the world 

isolating Y. enterocolitica from the feces of infected individuals. 

Although relatively rare, fatality due to yersiniosis does occur, but 

recovery for most patients is generally complete within several days 

(187) • 

The organism must proliferate under favorable conditions and 

must be present in sufficient numbers to cause infection. Other factors 

affecting the degree of pathogenicity of Y. enterocolitica are the 

infectivity of the particular strain, the resistance of the host and the 

incubation temperature at which the culture was grown (1, 32, 89). The 

infectious nature of the organism appears to be related to incubation 

temperatures~ a culture grown at 25°C in synthetic media is more 

virulent than an otherwise identical culture grown at 37°C (109). 

Pathogenicity and Virulence 
of Y. enterocolitica: Laboratory Aspects 

The virulence of Y. enterocolitica is markedly serotype 

dependent. Serotypes 0:3, 0:8, 0:9 and 0:5,27 are implicated in most 

cases of human infection (16, 167), whereas serotypes 0:6,30 and 0:7,13 

are rarely associated with human illness (167). Schiemann and 
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Devenish (140) have shown, using a HeLa cell infectivity assay, that 

infectivity is confined to serotypes 0:1; 0:1,2,3; 0:2,3; 0:3; 0:4,32; 

0:5,27; 0:8; 0:9 and 0:21. Ten other serotypes as well as some 

non-typable isolates were not infective by the HeLa cell assay. 

The virulent human serotypes also differ from one another with 

respect to their physiology and laboratory animal virulence (90, 141, 

149). Serotype 0:8 strains are lethal to mice by either oral or 

intraperitoneal inoculation (30, 31, 33, 124), are 
/ 

Sereny 

test-positive (47) and are sensitive to pesticin I (34, 58). In 

contrast, strains belonging to serotypes 0:3 and 0:9 are not lethal to 

mice 
/ 

(90, 149), are Sereny test-negative and are resistant to pesticin 

I (58). These differences among human pathogenic strains have 

contributed to confusion regarding the nature and mechanism of 

virulence of Y. enterocolitica, since 0:3, 0:8 and 0:9 strains all 

cause a similar non-fatal infection in humans (19). 

Several factors have been found to be associated with the 

virulence of Y. enterocolitica; the determination of some of these 

factors was derived from studies conducted with the plague bacillus, 

Y. pestis. In 1956, Burrows (27) detected a virulence-associated 

precipitin band on gel diffusion plates and termed the antigen "Vi" in 

anticipation of its role in determining virulence. With the 

subsequent discovery of a second antigen, termed W, that was produced 

under identical cultural conditions; the Vi antigen was renamed V by 

Burrows and Bacon (29). These workers noted that aeration at 37 C in 

a highly enriched medium favored the production of V and W; neither 
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antigen was detected following a similar incubation at room 

temperature. V an W were separated from each other and purified by 

Lawton et al. (88) who concluded that V is a 90 kilodalton (Kdal) 

protein and W is a 140 Kdal lipoprotein. Both antigens were 

determined to be produced together and neither served as a precursor 

of the other. 

It is now known that synthesis of the V and W antigens (termed 

the Vwa complex) is coordinately induced at 37°C, but not at 26°C, in 

a medium simulating intraleukocytic fluid (cytoplasm) with respect to 

calcium and magnesium. Brubaker (25) found that this environment 

selectively inhibits in vitro division of Vwa cells; addition of 

calcium at the concentration present in plasma permits growth of the 

organism while simultaneously repressing the V and W antigens. More 

recent studies (38, 190) have shown that the inhibition induced by 

calcium deprivation is a consequence of an ordered stepdown of 

macromolecular synthesis initiated by reduction of adenylate energy 

charge and shutdown of stable RNA synthesis. The first event in this 

sequence is an accumulation of cytoplasmic V antigen (160, 161, 189). 

The origin of lipoidal W antigen has yet to be determined, but a 

source within the envelope appears to be a good possibility. Bolin et 

al. (18) discovered an outer membrane protein that they believe is the 

W antigen; they are currently conducting studies to verify this 

finding. The actual role that the Vwa complex plays in the 

pathogenicty of he organism is not clear. However, this 

lipopolysaccharide-protein complex does allow Y. pestis to resist 
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phagocytic killing and to survive phagocytosis, and it may be involved 

in inhibiting host lysosomal enzymes. 

Carter et al. (34) were the first to demonstrate that the V 

and W antigens of Y. enterocolitica are antigenically identical to 

those produced by!. pestis. As with~. pestis, the Vwa complex of Y. 

enterocolitica is produced only in media with a calcium concentration 

of 2.5 roM or less. V and W antigens are not produced at 26 C 

irrespective of calcium concentration. Gemski et al. (50) presented 

evidence that magnesium oxalate agar inhibited the growth of virulent 

Y. enterocolitica at 37°C, but not isogenic avirulent strains. Since 

this same phenomenon occurs with Y. pestis, the Vwa complex appears to 
. . . I 

be the same virulence determinant as that found in y. pestis. 

As with the Vwa complex, most of the information concerning 

calcium dependence arose from research with Y. pestis. After 

preliminary studies by several investigators on the organism's mineral 

metabolism (43, 111, 184), Kupfberg and Higuchi (82) demonstrated that 

the growth of virulent cells in aerated culture at 37°C was strongly 

depenent on the calcium concentration. This observation was refined 

by Higuchi et al. (63) who showed that virulent cells remained static 

in the presence of high concentrations of magnesium, unless calcium, 

strontium or zinc was present. Avirulent organisms did not exhibit 

this magnesium-dependent requirement for calcium. 

Carter et al. (34) has been able to relate this phenomenon to 

Y. enterocolitica, but the importance of this requirement has not been 

determined. Brubaker (26) has proposed that calcium dependence may 
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reflect the ability of yersiniae to respond to the mammalian intra-

cellular environment, which has a low free calcium concentration. As a 

result of these observations, calcium dependence has become an accepted 

assay for the determination of virulence. 

A number of different laboratory animals have been evaluated as 

potential models for deterimining the pathogenicity of Y. 

enterocolitica, including rabbits (104, 116, 169), mice (97, 104, 129), 

guinea pigs (104, 127) and monkeys (96). Mollaret and Guillon (104) 

published one of the earliest animal model virulence test findings. 

They reported that all of their strains of Y. enterocolitica were 

devoid of any experimental pathogenicity. regardless of the 

animal species, challenge dosage or route of inoculation. How-

ever, Quan et al. found that the lethal dose (LD50 ) for three 

cultures injected intra-peritoneally into mice ranged from 1.6 

cells to 5 . 5.4 x 10 organ~sms. They suggested that maintaining the 

cultures on artificial media for long periods of time could result in 

a loss of virulence, and that this could explain the discrepancy 

between their study and the study by Mollaret and Guillon. In another 

study, Carter (31) inoculated mice intravenously with low numbers of 

Y. enterocolitica and produced a laboratory infection that was similar 

to the naturally occurring human infection. The mice developed a 

systemic, pyogenic infection involving the liver, spleen and lungs. 

Carter and Collins (32) then discovered that virulence was increased 

when the cultures were grown at 26°C rather than 37°C. This increase 

in virulence was confirmed by Lee et al. (89) when they observed an 
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increase in HeLa cell invasiveness for cultures incubated at 22°C 

instead of 37°C. 

The mouse lethality test was later found to be an accurate 

measurement of pathogenicity only for serotype 0:8 strains (34). 

Shortly thereafter, Laird and Cavanaugh (85) described a mouse 

diarrhea model for demonstrating virulence in Y. enterocolitica • This 

model provides an experimental system that closely duplicates the 

infection in humans. 

The Ser~ny test (145) has also been used to demonstrate the 

virulence of Y. enterocolitica. This test determines invasiveness, 

as measured by the development of conjunctivitis in the inoculated 

guinea pig eye. Feeley et al. (47) first demonstrated that certain 

strains of Y. enterocolitica were invasive in the guinea pig eye. As 

with other virulence characteristics, a positive 
, 

Sereny test was 

obtained only with cultures grown at 25°C and not with those grown at 

Additionally, it was found that only serotype 0:8 strains were 

invasive by this model, thus rendering it usless for other human 

virulent serotypes. - Therefore, this test is currently used as an 

indicator of pathogenicity only when serotype 0:8 strains are being 

examined. 

In addition to laboratory animals, in vitro tissue culture 

systems have been used for studying the invasiveness of Y. 

enterocolitica. Lee et al. (89) demonstrated that certain strains are 

capable of invading HeLa cells, but suggested that the test for HeLa 

cell invasiveness be a "negative screen," meaning that strains 
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incapable of invasion should not be virulent to humans. In contrast, 

a strain that is invasive will not necessarily be virulent to humans. 

During the same period, Dne (170) found that HeLa cell penetration 

correlated with the ability to produce enterocolitis in rabbits. 

Subsequent studies (73, 89, 94, 119, 170) have supported the belief 

that human pathogenic strains are generally invasive to human 

epithelial cells in vitro. Similar studies have shown that pathogenic 

strains of Y. enterocolitiea may specifically adhere to epithelial 

cells (123) and may cause detachment of cell monolayers (173). In 

contrast, strains that are believed to be nonpathogenic to humans show 

no demonstrable interaction with cultured cells (173). 

Recently, Schiemann and Devenish (140) related the HeLa cell 

infectivity assay to other virulence characteristics of Y. 

enterocolitica. They demonstrated that although loss of agglutination 

ability and calcium dependency was accompanied by the loss of 

virulence as measured by the 
, 

Sereny and mouse diarrhea tests, HeLa 

cell infectivity remained intact. In addition, Pedersen et al. (119) 

reported that formalin- or ultraviolet light-killed cells could 

penetrate HeLa cells as well as living bacteria. Soemitro et al. 

(151) clarified these observations by stating that the interaction of 

HeLa cells with living or killed bacteria did not mimic the in vivo 

interaction, but that it could be indicative of the presence of one or 

more virulence factors which contribute to pathogenicity. Kay et al. 

(78) supported this view by stating that epitheloid cells in culture 

may be more susceptible to penetration than cells in vivo, and that 
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this penetration may not reflect true invasion. They speculated that 

strains that are unable to to penetrate cells in culture are probably 

not invasive for intact human tissues and that the tissue culture 

assay may measure an incomplete, but prerequisite, characteristic of 

virulence. 

Another procedure that is commonly employed to test for 

pathogenicity in Y. 

Laird and Cavanaugh 

enterocolitica is the autoagglutination test. 

(85) first described a phenomenon in which 

virulent strains auto agglutinated in tissue culture medium when 

incubated at 37 C, whereas avirulent strains did not. They also 

reported that this test correlated well with the mouse lethality 

assay. Shortly thereafter, Schiemann et al. (141) pOinted out that 

the property of autoagglutination was occasionally lost after repeted 

subculture. Meanwhile, Stern (159) reported results that validated 

the autoagglutination test and described it as "a simple, inexpensive 

and reliable assay for virulence screenin~" A more recent study by 

Perry and Brubaker (122) noted that no relationship existed between 

autoagglutination and expression of the V and W antigens. They also 

determined that while autoagglutination was indeed 

temperature-dependent, it was not influenced by exogenous calcium. 

varied findings, the actual mechanism of Based upon these 

pathogenicity being measured by autoagglutination remains unknown. 

The most recently described virulence factor for Y. 

enterocolitica is the ability to resist the bacteriocidal action of 

serum complement. Pai and DeStephano (114) noted that virulent 
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strains were able to survive in fresh normal sera of humans and 

rabbits, whereas avirulent derivatives were readily killed. They also 

found that this serum resistance was lost with the loss of other 

virulence attributes and that the serum resistance of virulent strains 

·was expressed only at 37°C and not at 25°C. In contrast, Chiesa and 

Bottone (40) 

enteroco1itica 

recently reported that serum resistance in Y. 

after growth at 37°C and 25°C appears to be specific 

for serotype 0:3 and may be expressed even in the absence of other 

virulence-associated phenotypic markers. However, Perry and Brubaker 

(122) confirmed the findings of Pai and DeStephano when they found 

that serum resistance was always temperature-dependent and related to 

the other virulence characteristics. They did note one exception: 

serum resistance was independent of prior growth under restrictive 

conditions such as exogenous calcium. The actual mechanism and role 

in pathogenicity of serum resistance remains unknown. 

A new phenomenon that has been associated with virulence in Y. 

enterocolitica is the presence of several unique outer membrane 

proteins. Portnoy et ale (123) discovered that virulent strains grown 

at 37°C produced three proteins that were not elicited at 25°C. Then 

Perry and Brubaker (122) noted that cells producing these proteins 

exhibited a nutritional requirement for calcium. Recently, a fourth 

outer membrane protein, which had remained undetected by other 

investigators, was found by Bolin et a1. (18). This protein was also 

shown to be temperature-induced and affected by the concentration of 

calcium in the growth medium. The importance of these proteins to 
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pathogenicity is unclear, but the possibility exists that they may 

assist in promoting the other temperature-related virulence properties 

of Y. enterocolitica. 

A final factor has been described in which its contribution to 

pathogenicity remains undetermined. In 1977, it was reported that~. 

enterocolitica produced a heat-stable enterotoxin (ST) at 25°C, but 

not at 37°C. This enterotoxin was detected using the infant mouse 

assay. Pai and Mors (115) confirmed these findings and observed that 

this capability was characteristic of all serotype 0:3 human isolates. 

They later noted (117) that ST was also present in the majority of 

human isolates of other serotypes. Shortly thereafter, Rao et al. 

(128) reported that the ST of Y. enterocolitica was similar to that 

produced by Escherichia coli in that both stimulated the production of 

guanylate cyclase. Boyce et al. (20) noted, however, that due to 

differences seen in ultracentrifugation properties, the Y. 

enterocolitica ST may have a larger molecular weight than the ST 

produced by ~. coli. 

Initially, 

implied that the 

first commented 

reports on the ST produced by ~. enterocolitica 

toxin was important in pathogenesis. Kapperud (73) 

on the close correlation between HeLa cell 

invasiveness and ST production. Pai et al. (117) then demonstrated a 

higher incidence of toxigenicity among human strains than 

environmental isolates. More recently, evidence has been presented 

that suggests that ST plays no role pathogenesis. Pai and Mors (115) 

observed that ST was not produced in vitro at temperatures above 3~C. 
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Schiemann (139) confirmed this by noting that various manipulations in 

media and inocula could not induce ST formation at 37°C. Pai et a1. 

(116) and Schiemann (139) then reported that the enterotoxin could not 

be detected in feces or intestinal extracts from rabbits and mice that 

were infected with Y. enterocolitica and had diarrhea. Therefore, no 

evidence exists that ST can be produced in vivo. In addition, Schiemann 

(139) demonstrated that a serotype 0:3 enterotoxin-negative strain was 

still virulent as measured by the autoagglutination, HeLa cell 

infectivity and mouse diarrhea assays. He also showed that a strain of 

serotype 0:3, which was ST-positive and HeLa cell infective, was 

avirulent when tested by autoagglutination and the mouse diarrhea assay. 

More recently, Kay et al. (78) have reported that, in contrast to 

earlier studies, the majority of human clinical isolates and avirulent 

control strains examined were ST-negative and ST-positive, respectively. 

These results indicate that ST may not be important in the virulence of 

Y. enterocolitica, but further studies on this subject are needed. 

Pathogenicity and Virulence of 
Y. enterocolitica: Genetic Aspects 

The genetics of the yersiniae, although rarely studied, have 

become better understood in recent years. In 1958, while working with 

Y. pestis, Ogg et al. (111) suggested that the high frequency of 

mutation from virulence to avirulence might best be explained by genes 

that resided on an extrachromosomal element. Several years later, 

Burrows (28) proved that the genes which coded for pesticin I resided 
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on an extrachromosomal replicon. Since then, several of the other 

virulence-associated genes of Y. pestis have been shown to be coded 

for by a plasmid. 

Zink et al. (194) were the first to explore the genetics of ~. 

enterocolitica. They reported that a 41 million dalton (Mdal) plasmid 

mediated 
/ 

the tissue invasiveness, as determined by the Sereny test, of 

serotype 0:8 strains. Gemski et al. (50) subsequently reported that 

/ 
the virulence of serotype 0:8 strains, as measured by the Sereny test 

or mouse lethality assay, was dependent upon the presence of a 42.2 + 

1.1 Mdal plasmid. Carter et al. (34), using several different 

serotypes of~. enterocolitica, showed that the plasmid also coded for 

a calcium requirement for growth at 37°C and the production of V and W 

antisens. Another phenomenon, autoagglutination, was also attributed 

to this plasmid by Laird and Cavanaugh (85). Portnoy et al. (123) 

showed that at least three temperature-inducible outer membrane 

proteins could be associated with the virulence plasmid. In addition, 

Portnoy et al. (123) showed that the virulence plasmids from various 

strains of X' enterocolitica were closely related. Virulence plasmids 

have a molecular weight that ranges from 40 to 48 Mdal and a DNA 

sequence homology of 58% to 87%. Pai and DeStephano (114) found that 

serum resistance was also associated with this group of virulence 

plasmids. Furthermore, Portnoy et al. (123) have shown that strains 

of Y. enterocolitica that carried the virulence plasmid were able to 

invade HEp-2 cell monolayers and cause detachment of the monolayers. 

Isogenic derivatives that had been cured of the virulence plasmid, 
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although still able to invade cells, could no longer mediate 

detachment of the monolayers. The virulence plasmid, therefore, can 

also be associated with a "monolayer detachment" principle. Finally, 

Kay et ale (77) recently described a hitherto undetected 82 Mdal 

plasmid in virulent strains of serotype 0:8 Y. enterocolitica. This 

plasmid is also believed to be associated with pathogenicity and it 

appears to carry the gene(s) that codes for extraintestinal 

dissemination of the organis~. This would account for the greater 

virulence of this serotype as seen in the 
/ 

Sereny test and mouse 

lethality assays. 

The virulence of Y. enterocolitica can be attributed to 

information on the bacterial chromosome as well as the virulence 

plasmid(s). Schiemann and Devenish (140) have shown that HeLa cell 

invasion is not dependent upon the presence of the virulence plasmid. 

These investigators found that HeLa cell invasion, as measured by the 

infectivity index, was not affected by loss of the plasmid. 

Similarly, Portnoy et ale (123) reported that non-serotype 0:8 strains 

that have lost virulence for gerbils, due to the loss of the virulence 

plasmid, are still able to penetrate HEp-2 cells in tissue culture. 

These results suggest that the ability to invade epitheloid cells is 

chromosomally determined. In conclusion, the relationships between 

these phenomena and human virulence are not clearly understood. It is 

clear, however, that the 41 Mdal plasmid plays an important role in 

human virulence and is probably required for the pathogenicity of 

these organisms. 



MATERIALS AND METHODS 

Bacterial Strains and Plasmids 

The sources and relevant characteristics of bacterial strains 

and their plasmids are listed in Table 1. Bacterial strains were 

biochemically characterized according to the procedures described by 

Edwards and Ewing (45). 

glycerol at -20°C (99). 

All bacterial strains were stored in 40% (v/v) 

Media 

Bacterial strains were cultivated in Tryptic Soy Broth (TSB, 

Gibco) or on Tryptic Soy Agar (TSA, Gibco). Selection of bacterial 

strains by antibiotic susceptibility was performed using TSB or TSA 

supplemented with one or more of the following antibiotics: 

ampicillin (Ap, Sigma), kanamycin (Km, Sigma) and nalidixic acid (Nal, 

Calbiochem, B-grade) at concentrations of 100 ug/ml, 25 ug/ml and 

20 ug/ml, respectively. 

E. coli and Y. enterocolitica strains were initially 

distinguished on media consisting of Phenol Red Broth Base (Difco) 

supplemented with 0.5% sucrose (Schwartz/Mann, ultrapure grade). 

Strains of Y. enterocolitica to be tested for calcium dependency 

were considered on magnesium-oxalate agar (MOX) as described by Gemski 

et al. (50). MOX has the following composition per liter: 900 ml 

double-deionized water; 40 g TSA; 1.8 g glucose (Sigma) and 4.07 g 

28 



Table 1. Characteristics of Bacterial Strains and Plasmids 

Strain No. 

Donor No. ID No. 

E. coli 
TAMU 70 

TAMU 72 

TAMU 97 

TAMU 146 

Y, enterocolitica 

TAMU 233 

Genotype/Descriptiona 

E. coli K-12 strain C600 
containing the plasmid R6K (Ap, 
Sm), a 25 x 106 dalton plasmid 
molecular weight standard 

E. coli K-12 strain C600 
containing the plasmid RP4 (Ap, 
Km, Tc), a 36 x 106 dalton plasmid 
molecular weight standard 

E. coli K-12 strain UB1636 (F-, 
his, lys, trp, Sm, lac) contain
ing the plasmid pMR5(Ap, Km, 
Tc, TRA, REptS), a 38 x 106 
dalton plasmid that carries the 
transposon Tn 801 (Ap) 

E. coli K-12 strain C600 con-- ----taining the plasmid R6-5 (Cm, 
Km, Sm, Su), a 65 x 106 dalton 
plasmid molecular weight standard 

NaIr derivative of a serotype 
clinical isolate containing the 
41 x 10 6 dalton virulence 
plasmid 

Source/Reference 

D. Zink, The 
University of 
Arizona 

D. Zink, The 
University of 
Arizona 

D. Zink, The 
University of 
Arizona (182) 

D. Zink, The 
University of 
Arizona 

D. Zink, The 
University of 
Arizona '" \0 



Table l.--Continued 

Strain No. 

Donor No. 1D No. Genotype/Descriptiona 

TAMU 233-C 1sogenic derivative of strain 
TAMU 233 that has been cured 
of the 41 x 106 dalton 
virulence plasmid 

190 Transpositional mutant derived 
from mating TAMU 233 x TAMU 97 

193 Transpositional mutant derived 
from mating TAMU 233 x TAMU 97 

217 Transpositional mutant derived 
from mating TAMU 233 x TAMU 97 

224 Transpositional mutant derived 
from mating TAMU 233 x TAMU 97 

225 Transpositional mutant derived 
from mating TAMU 233 x TAMU 97 

a Gene symbols are those used by Bachmann (159) 

Source/Reference 

This study 

This study 

This study 

This study 

This study 

This study 

!.oJ 
o 
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magnesium chloride (Sigma). After autoclaving (121 C 15 min), the 

mixture was supplemented with 100 ml of filter-sterilized double

deionized water containing 2.68 g of oxalic acid (sodium salt, Sigma). 

For the autoagglutination virulence assay, strains were grown in 

a modification of the tissue culture medium described by Laird and 

Cavanaugh (Ill). This medium was modified by the addition of newborn 

calf serum in place of fetal calf serum. The composition of this medium 

per 100 ml was: 90 ml double-deionized water~ 0.945 g Eagle's minimum 

essential medium (MEM, Gibco)~ 0.22 g Eagle's salts (Gibco)i 0.22 g 

sodium bicarbonate (Fisher) and 0.1 mg phenol red (Sigma). After filter 

sterilization, each 90 ml was supplemented with 10 ml of sterile newborn 

calf serum (Gibco). 

Bacterial Conjugation Experiments 

The wild type virulent strain of Y. enterocolitica (TAMU 233) 

was mated with E. coli K-12 UB1636 (TAMU 97) using a membrane filter 

method to obtain transpositional mutants of the virulence plasmid. 

Donor and recipient strains were grown separately overnight in TSB at 

32·C and the donor strain, TAMU 97, was heat-pulsed at 50°C for 10 min. 

Then, 2.0 ml of donor and 1.0 ml of recipient strain were applied to a 

sterile 0.22 um membrane filter, followed by 1.0 ml of sterile saline 

and 3 cc of air. The filter was transferred (bacteria side up) to a 

pre-warmed (32°C) TSA plate and incubated overnight at 32°C. The filter 

was then placed in a tube containing 4.5 ml of sterile saline and 

vortexed to remove the bacteria from the filter. A loopful of this 
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bacterial suspension was inoculated into each of ten tubes of TSB 

supplemented with ampicillin, kanamycin and nalidixic acid at concentra-

tions of 30, 25 and 20 ug/ml, respectively. These tubes were allowed to 

incubate overnight at 32°C. The following day, a loopful of these cul-

tures was streaked onto MacConkey agar containing the same concentra-

tions of the three antibiotics, and incubated overnight at 32°C. Four 

isolated colonies from each of the ten plates were inoculated into 

microtiter plate wells containing 200 ul of Phenol Red Broth supple-

mented with 0.5% sucrose, ampicillin (100 ug/ml), kanamycin (25 ug/ml) 

and nalidixic acid (20 ug/ml) and incubated overnight at 32°C. Strains 

which produced a yellow acidic reaction, indicating sucrose fermentation 

characteristic of the genus Yersinia, were streaked onto TSA+Km and 

incubated at 32°C overnight to test for resistance to kanamycin. 

Strains which were kanamycin resistant were biochemically characterized 

to confirm their identity, cultured in TSB and stored for future 

analysis. 

Rapid Screening of 
Bacterial Strains for Plasmid DNA 

Plasmid DNA was partially purified from small quantities of 

cells and analyzed by the SDS-alkaline pH method of Portnoy et ale 

(123) • This technique was used to determine whether or not Y. 

enterocolitica transconjugants harbored plasmid DNA which had in-

corporated the ampicillin resistance transposon, TnSOl. 

Strains to be tested were incubated overnight in 1.0 ml of TSB 

at room temperature (25°C), transferred to 1.5 m1 polypropylene tubes 
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and sedimented in a centrifuge (Beckman Microfuge B) at approximately 

8,000 x g for 2 min. The pellets were washed in 1.5 ml of TE buffer 

[50 roM Tris-HCI (Trizma, Sigma), pH 8.0; 10 roM of disodium 

ethylenediamine tetraacetic acid (EDTA, Sigma, disodium salt)]. The 

cells were resedimented in the Microfuge for 2 ~tn and the cell 

pellets were resuspended in 40 ul of TE buffer. At this point, 0.6 ml 

of Lysis buffer [(50 roM Tris-HCI, pH 12.42; 10 ni>1 EDTA; 4% (w/v) 

sodium dodecyl sulfate (SDS; Sigma)] was added and the mixture was 

gently agitated to facilitate mixing. The samples were then incubated 

at 37 C for 20 min, after which the lysates were neutralized by the 

addition of 30 ul of 2 M Tris-HCI, pH 7.0. After mixing, 0.24 ml of 5 

M sodium chloride (ACS grade, Fisher) was added to each tube, followed 

by gentle inversion to facilitate mixing. The lysates were incubated 

at 0 C in an ice-water bath for 1-4 h to precipitate the high 

molecular weight chromosomal DNA then sedimented in the Microfuge for 

5 min. The supernatants, containing the plasmid DNA, were decanted 

into a second 1.5 ml polypropylene tube which was then filled with 

0.55 ml of cold (-20 C) isopropanol and mixed by gentle inversion. 

After allowing the plasmid DNA to precipitate for at least 30 min, the 

precipitates were collected by centrifugation in the Microfuge for 3 

min and then allowed to drain. Excess isopropanol was allowed to 

evaporate and the DNA pellets were resuspended in 25 ul of TES buffer 

(30 roM Tris-HCI, pH 8.0; 5 mM EDTA; 50 roM NaCI). 

The isopropanol-precipitated DNA obtained from the lysates was 

analyzed immediately by electrophoresis in 0.7% agarose (BRL, medium 
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EEO) using a Tris-Borate electrophoresis buffer (89 mM Tris base~ 2.5 mM 

EDTA~ 89 MM boric acid). Prior to electrophoresis, 15 ul of the DNA-

containing solution was mixed with 5 ul of tracking dye solution (0.07% 

bromphenol blue~ 7% SDS~ 33% glycerol in water). Electrophoresis was 

performed on a horizontal gel electrophoresis system (BRL, model HO) and 

was conducted at 80 rnA (120-160 V) for 12 h. The gel was then stained 

for 30 min in Tris-Borate buffer containing ethidium bromide (Sigma) at 

a concentration of 1 ug/ml. Excess ethidium bromide was removed prior 

to photography by rinsing the gel in tap water for 15-30 min. 

The gel was illuminated, for purposes of viewing and photo-

graphing by a mid-wavelength (297 nm) ultraviolet transilluminator (UV 

Products, model C-63). The gel was photographed on Kodak Plus-X Pan 

film (35 rom) using a combination of red 23A and orange 15 filters to 

enhance contrast. The distances of migration of the plasmid DNA bands 

were measured from prints of the photographic negatives. 

Isolation and Purification 
of Plasmid DNA from Y. enterocoltica 

Proper characterization and analysis of plasmid DNA from the 

transpositional mutants of Y. enterocolitica required the isolation of 

large (e.g.,' 100 ug) quantities of DNA. Large quantities of DNA were 

isolated by a modification of the SDS-alkaline pH procedure of Portnoy 

et al. (123). 

Strains to be tested were grown in batch culture at 37°C in TSB 

supplemented with 0.6% (w/v) of yeast extract (TSB/YE) to a density of 
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approximately 
7 . 

6 x 10 ce11s/ml, or 140-160 k1ett units. Cells were 

harvested by centrifugation at 10,000 x g for 10 min at 4°C. The cells 

from 1 liter of culture were resuspended in 3.0 ml of TE buffer and the 

cell suspension was distributed, in 1.5 ml aliquots, into four 50 ml 

polycarbonate centrifuge tubes. The tubes were positioned in an ice 

bath and 0.2 ml of freshly prepared lysozyme (Sigma, grade I, 5 mg/ml in 

TE buffer) was added to each tube. Following an incubation period of 30 

min at O·C, 20 ml of lysis buffer was added to each tube and the tubes 

were incubated at 37·C for 30 min. To neutralize the cell lysates, 1.2 

ml of 2 M Tris-HCl (pH 7.0) was added to each tube, followed by 1.1 ml 

of 5 M NaCl to precipitate high molecular weight chromosomal DNA. The 

mixtures were incubated at O·C for at least 1 h and then centrifuged at 

48,000 x g for 30 min at 4°C. The supernatants were decanted into a 

second set of 50 ml polycarbonate centrifuge tubes and the plasmid DNA 

was precipitated with 0.65 volumes (approximately 14 ml) of cold (-20·C) 

isopropanol. The tubes were incubated at -20·C for 1 h and then 

centrifuged at 3,000 x g for 5 min at 4°C. The supernatants were 

discarded and the excess isopropanol was removed from the precipitated 

DNA by drying the tubes in vacuo for 20 min. The DNA pellets were 

resuspended in 3.0 ml of TES buffer and the contents of each pair of 

identical tubes were combined. The total volume of each of these tubes 

was brought to 8.0 ml with TES buffer and the cleared lysates were 

subjected to cesium chloride-ethidium bromide buoyant density 

ultracentrifugation to isolate plasmid DNA. 
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Cesium Chloride-Ethidium Buoyant 
Density Ultracentrifugation 
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Plasmid DNA was purified by cesium chloride-ethidium bromide 

density ultracentrifugation using a modification of the 

procedure described by Katz et al. (76). In 13.5 ml cellulose nitrate 

ultracentrifuge tubes, 8.2 g of cesium chloride (CeCl, Kawecki Berylco, 

tech grade) was dissolved in 8.0 ml of the DNA-containing cleared 

lysates described above. To each tube was added 0.64 ml of ethidium 

bromide (10 ml/ml in double deionized water). The mixtures were centri-

fuged to equilibrium at 37,000 rpm for 40 h at 15°C in a Beckman 50Ti 

rotor using a Beckman L8-70 ultracentrifuge. Following ultra-

centrifugation, the tubes were examined under ultraviolet light and the 

denser DNA band (covalently closed circular DNA) was collected through a 

hole pierced in the bottom of the ultracentrifuge tubes. Ethidium 

bromide was extracted from the plasmid DNA with isopropanol that had 

been equilibrated with CsCl-saturated TES buffer. The DNA was displayed 

against 1000 volumes of TES buffer, carefully collected into 15 ml Corex 

centrifuge tubes and treated with 20 ul of ribonuclease A (RNase A, 

Sigma; 10 mg/ml in 50 roM sodium acetate, pH 5.0, heat treated at 90°C 

for 10 min). RNase digestion was completed by incubating the tubes at 

37°C for 30 min. Next, the dialyzed DNA was extracted with 1.0 ml each 

of phenol (redistilled and equilibrated with water) and chloroform and 

then centrifuged at 12,000 x g for 10 min to separate the phases. The 

upper aqueous phase was collected into a clean 15 ml Corex centrifuge 
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tube and the phenol-chloroform extraction was repeated. Again the upper 

aqueous phase was collected, transferred to a sterile, screw-cap, test 

tube and extracted four times with ethyl ether. After the final 

extraction, the lower aqueous phase containing the DNA was transferred 

to a 15 ml eorex tube and 200 ul of 3 M sodium acetate and 4.5 ml of 

cold (-20 0 e) 95% ethanol were added. The mixture was gently mixed and 

incubated overnight at -20°C to precipitate the DNA. The following day, 

the precipitated DNA was pelleted in the centrifuge at 12,000 x g for 20 

The ethanol was drained completely and the DNA pellet was 

resuspended in 100-200 ul of sterile deionized water and stored at -20 o e 

until needed for further analysis. 

Restriction Endonuclease 
Analysis of Plasmid DNA 

Plasmid DNA was analyzed by restriction endonuclease digestion 

to determine the insertion sites of TN801 onto the virulence plasmids of 

the transpositional mutants. Approximately 1.5 ug of purified plasmid 

DNA, contained in 40 ul of the appropriate restriction buffer, was mixed 

with 10 units of restriction enzyme. The enzymes Bam HI, Eco Rl, Hind 

III, Sal I and Sma I were purchased from Bethesda Research Laboratories 

and used in accordance with the manufacturer's recommendations. The 

reaction mixtures were incubated at 37°e for 1 h and then the digestion 

reactions were stopped by heating the samples at 68°e for 10-15 min 

followed by quenching in an ice bath. Tracking dye in glycerol (10 ul 
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of 0.07% bromphenol blue and 50% glycerol in water) was added to 10-15 

ul of each reaction mixture prior to electrophoresis. 

Restriction fragments were analyzed by electrophoresis in 0.6% 

agarose in Tris-acetate buffer (40 mM Tris, 20 mM sodium acetate, pH 

adjusted to s.o using glacial acetic acid). Both the gel and buffer 

contained ethidium bromide at a concentration of 0.5 ug/ml. 

Electrophoresis was performed on a horizontal gel electrophoresis 

apparatus at 60 rnA (50-SO V) for IS h at room temperature. 

Bacteriophage lambda DNA that had been digested with Eco Rl was included 

on the gel as a molecular weight standard. The gel was photographed 

immediately following completion of the electrophoretic run. 

DNA Blot Transfers 
to Nitrocellulose Filters 

The locations of the TnSOl insertion sites on the virulence 

plasmids of the transpositional mutants were confirmed by DNA-DNA 

hybridization. To accomplish this, the restriction endonuclease-

digested DNA contained within agarose gels was blotted to nitrocellulose 

filters according to the procedure of Southern (156). 

The gel was first treated with 0.25 M hydrochloric acid for 15 

min at room temperature to partially depurinate the DNA. This step 

resulted in smaller fragments of DNA that would transfer to the 

nitrocellulose more rapidly. The gel was then placed in a 

denaturation solution (0.5 N NaOH and 1.5 M NaCl) for 45 min at room 

temperature. Next, the gel was transferred into a neutralization 
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solution (0.5 M Tris, 3.0 M NaCl, pH 7.0) at room temperature for 45 

min and then trimmed and blotted of any excess buffer. Wicking sheets 

(BRL) that had been pre-wet in neutralization buffer were placed over 

the sides of the gel prior to blotting. 

The nitrocellulose paper (BRL) was then prepared for the DNA 

transfer. First, it was soaked in deionized water for several minutes, 

after which it was placed in blotting buffer (3 M NaCl, 0.3 M sodium 

citrate, pH 7.0) for 1 min. The nitrocellulose paper was placed over 

the agarose gel and blotting pads were placed on top of the 

nitrocellulose. The entire assembly was then placed in the wicking tray 

with blotting buffer and the gel was blotted for 4-6 h. After blotting, 

the nitrocellulose was removed from the agarose gel, air dried for 15 

min and incubated at 80°C for 2 h. The dried nitrocellulose paper was 

placed in a tightly sealed plastic bag and stored at room temperature 

until needed for DNA-DNA hybridization. 

Nick-Translation of Plasmid DNA 

The second step in preparing for the DNA-DNA hybridization 

procedure consisted of in vitro labelling purified pMR5 plasmid DNA, 

'h T 801 'h 32p h 'd' which conta~ns t e transposon N , w~t -t ym~ ~ne (dTTP, 400 

Ci/mmol, New England Nuclear) by nick translation. The method used was 

a modification of the protocol described by Rigby et al. (130). 

Deoxyribonuclease (DNase I, BRL) was first activated by mixing 50 ul 

of a 1 mg/ml stock solution in 10 mM HCl with 450 u1 of activation 

buffer (10 mM Tris-HCl, pH 7.5, 5 mM magnesium chloride and 1 mg/ml 
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bovine serum albumin). The DNase mixture was incubated at 0 C for 1-2 

h to ensure activation of the enzyme. An aliquot of DNase equivalent 

to 4 ng of the enzyme and 1 ug of pMR5 DNA were added to reaction 

buffer (50 roM Tris-HCI, pH 7.4; 1 roM 2-mercaptoethanol; 10 roM 

magnesium chloride). The reaction mixture was then incubated at 37 C 

for 15 min. 

Stock solutions of the unlabelled deoxyribonucleotides 

deoxyadenosine-5'-triphosphate (dATP), deoxycytidine-5'-triphosphate 

(dCTP) and deoxyguanosine-5'-triphosphate (dGTP) were prepared in 50 

mM Tris-HCI (pH 7.4) at a concentration of 1 roM. These unlabelled 

deoxyribonucleotides (dATP, dCTP and dGTP) were then added to the 

reaction mixture at a final concentration of 0.01 roM each and the 

entire mixture was transferred to a 6 x 50 mm Pyrex culture tube 

32 
containing the P(dTTP). The tube was placed in a 14 C water bath 

and the nick translation reaction was started with the addition of 5 

units of ~. coli DNA polymerase I (Boehringer Mannheim). After a 2 h 

incubation, the reaction was stopped by the addition of 20 ul of 0.1 M 

EDTA and the unreacted deoxyribonucleotides were removed by passing 

the reaction mixture through a column of Sephadex G-50 (fine, 

Pharmacia) equilibrated with column buffer (10 roM Tris-HCI, pH7.4; 1 

mM EDTA; 0.1% sarkosyl). The fractions containing DNA were detected 

by counting the radioactivity in 5 ul aliquots of each fraction. DNA 

eluted from the column in the void volume, while nucleotides eluted 

much later. The fractions containing DNA were pooled and stored at 

-20 C until needed. 
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DNA-DNA Hybridization of Plasmid DNA 

The final step in confirming the Tn80l insertion sites for the 

transpositional mutants was the actual DNA-DNA hybridization procedure. 

Nick-translated pMR5 DNA was hybridized to the nitrocellulose filters 

containing restriction endonuclease-digested plasmid DNA according to 

the method of Southern (156). 

The nitrocellulose filters that had been blotted with plasmid 

DNA from the transpositional mutants were prehybridized with Denhardt's 

solution [125 ml of 20X SSC (0.15 M sodium chloride, 0.015 M sodium 

citrate); 0.5 m1 of 20% Fico1i (M. A. Bioproducts); 0.1 g of polyvinyl 

pyro1lidine (BRL); 5 ml of sonicated, denatured salmon DNA (5 mg/m1, 

treated with 0.2 m1 of 5 N NaOH); 0.2 m1 of 5 M HC1; and 370 m1 of 

deionized water]. The filters were incubated in the prehybridization 

mixture for 10 h at 65°C and then incubated in 18 m1 of the labelled DNA 

prob-containing hybridization mixture for 23 h at The 

hybridization solution consisted of two separate mixtures. The first 

32 
mixture contained 900 u1 of P-1abe1led pMR5 DNA; 720 u1 of sonicated, 

denatured salmon DNA; and 120 ul of 5 N NaOH. To ensure denaturation of 

the DNA, the mixture was heated at 50°C for 2 min. The second mixture 

contained the following: 3.96 ml of 4 M NaCl; 548 u1 of 0.1 M EDTA (pH 

7.01); 360 u1 of 1 M Tris (pH 7.5); 120 u1 of 5 M HCl; and 5.8 ml of 

deionized water. 

Following the completion of the hybridization incubation, the 

filters were washed with four changes of a post-hybridization solution 

(4X SSC containing 0.5% SDS, pH 7.0) and each wash was incubated at 65°C 
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for 15-40 min. The filters were rinsed with 3X SSC (pH 7.0) for 1 h at 

room temperature, blotted with paper towels for S min and dried under a 

heat lamp for 10 min. Finally, each filter was loaded into a film 

cassette (Kodak) with film (LKB Ultrofilm) and autoradiographed over

night at -70°C. The films were developed the following day according to 

the manufacturer's recommendations. 

Assay for Calcium Dependence 

Wild-type strains and transpositional mutants of Y. 

enterocolitica were tested for their virulence attributes by several 

assays. The initial assay employed the use of MOX agar to test for 

calcium dependency as described by Gemski et ale (SO). Bacterial 

strains were incubated in TSB overnight at room temperature (2S0C) and 

then streaked onto duplicate plates of MOX. Both plates were incubated 

for 24 h, one plate at 2SoC and the other at 37·C. Growth on the two 

plates was then compared; the 2SoC plate served as an uninhibited growth 

standard. Inhibition of growth at 37°C, as indicated by the presence of 

microcolonies, was evidence of calcium-dependency. The presence of 

normal-sized colonies at both temperatures was interpreted as a negative 

reaction. 

Mouse Colonization Test 

The virulence of Y. enterocolitica was also evaluated using the 

mouse colonization test of Laird and Cavanaugh (8S). Bacterial strains 

were inoculated into TSB and incubated overnight at 2S·C; the resultant 

cultures were diluted into SO ml of sterile water to a 

concentration of approximately 109 organisms per mI. 

final 
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Groups of three Swiss albino mice weighing 15-20 g each were 

orally infected with the. bacterial suspensions. This was accomplished 

by depriving the mice of water for 18 h and then allowing each group to 

drink ad libitum for 24 h from one of the bacterial suspensions. 

Subsequently, the mice were given their usual food and water and 

observed daily for 14 days for clinical signs. The condition of the 

stools was observed by placing the infected mice in cages lined with 

clean, white, paper towels. Stools were collected into tubes containing 

5 m1 of sterile deionized water and cultured for the presence of Y. 

enteroco1itica. Y. enteroco1itica was detected by streaking the stool 

suspensions onto MacConkey agar plates, incubating the agar plates 24 h 

at 25°C, and biochemically confirming the identity of lactose-negative 

colonies. 

HEp-2 Cell Penetration Test for Invasiveness 

The invasiveness of Y. enteroco1itica strains was examined by a 

modification of the method of Lee et a1. (89). HEp-2 cells were grown 

in culture to confluence in 25 cm tissue culture flasks (NUNC) contain

ing 8 m1 of MEM supplemented with 2% newborn calf serum (Flow 

Laboratories). The HEp-2 cells were incubated at 37°C in a 5% carbon 

dioxide atmosphere. Before infection, the mono1ayers were washed three 

times with phosphate buffered saline (PBS, pH 7.2). They were then 

infected with 10
8 

bacterial cells which had previously been grown over

night in Brain Heart Infusion (BHI, Gibco) at 25°C and diluted into 2 m1 

of MEM. After a 90 min incubation at 37°C, the mono1ayers were rinsed 
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with PBS, fixed in ethanol for 5 min and stained with Giemsa stain for 

15 min. Stained preparations were viewed with a microscope under oil 

immersion. The presence of bacteria within the HEp-2 cells constituted 

a positive test for invasiveness, whereas the absence of bacteria within 

the cells was considered a negative result. 

HEp-2 Cell Monolayer Detachment Assay 

The monolayer detachment assay of Portnoy et ale (123) was 

another test used to determine the virulence of Y. enterocolitica 

strains. HEp-2 cells were grown to confluence in 25 cm tissue culture 

flasks and infected as described above. After a 90 min incubation at 

37°C, the medium was removed and replaced with 5 ml of PBS. The flasks 

were agitated on a rotary shaker at 300 rpm for 10 min, fixed in ethanol 

for 5 min and stained with Giemsa stain for 15 min. The flasks were 

then examined visually and those that no longer contained a monolayer of 

HEp-2 cells were recorded as a positive result. Those flasks that still 

contained a monolayer, either confluent or partial, were considered 

negative. 

Autoagglutination Test 

The ability of Y. enterocolitica strains to autoagglutinate was 

tested by a modification of the method of Laird and Cavanaugh (85). 

Strains to be tested were grown overnight in TBS at room temperatures 

and then an aliquot of the cell suspension, containing approximately 

108 organisms, was inoculated into duplicate polystyrene culture tubes 

containing 3 ml of MEM supplemented with Earle's salts and 10% newborn 
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calf serum. One tube was incubated at 2SoC and the other was incubated 

at 37°C for 24 h. Autoagglutination-positive cultures, when incubated 

at 3°C, grew as large "clumps" of bacteria at the bottom of the tube 

with the supernatant fluid remaining clear. When incubated at 2SoC, 

autoagglutination-positive cultures grew as a homogeneous turbid 

suspension. Autoagglutination-negative cultures grew as homogeneous 

turbid suspensions at both 2SoC and 37°C. 

Assay for Serum Resistance 

Another test used to evaluate the virulence of Y. enterocolitica 

was the serum resistance assay described by Pai and DeStephano (114). 

For this assay, normal human serum was obtained from healthy volunteers, 

pooled and stored in 1 m1 aliquots at -SooC until needed. Once thawed, 

the serum was never refrozen and was discarded after 12 h at 4°C. 

Bacteria were grown overnight in TSB at 2SoC and then streaked 

onto duplicate sets of MOX plates; one set was incubated overnight at 

2S·C and the other set at 37°C. Colonies from the plates were harvested 

into sterile saline to a concentration of 108 cells/mI. The saline 

suspension was then diluted tenfold into Hank's Balanced Salt Solution 

(HBSS, M. A. Bioproducts) supplemented with 0.1% (w/v) gelatin. The 

gelatin was included to neutralize the bacteriocidal action of the HBSS. 

At time zero, 0.3 ml of the bacterial suspension was diluted tenfold 

with 2.7 ml of HBSS supplemented with 0.1% gelatin and 10% (v/v) normal 

human serum. Control tubes contained the same reaction mixture, but 

without serum. Three 0.1 ml aliquots of each sample were plated in 
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triplicate onto TSA and incubated overnight at 37°C. The tubes were 

then incubated at 37°C for 90 min, at which time three more 0.1 ml 

aliquots were plated onto TSA. After overnight incubation, the colonies 

on the 0 min and 90 min TSA plates were counted and recorded. 

Analysis of Outer Membrane Proteins 

The outer membrane proteins of Y. enterocolitica were isolated 

and analyzed according to the procedure described by Achtman et al. (2). 

Strains to be tested were grown in 50 ml of BHI broth at 2S·C and 37°C 

until they reached stationary phase. The cultures were then transferred 

to pre-cooled (OOC) 250 ml polypropylene centrifuge bottles and pelleted 

at 10,000 x g for 10 min at 4°C. The supernatants were discarded and 

the cell pellets resuspended in 10 ml of 10 mM Tris-HC1, pH 8.0, and 5 

mM magnesium chloride. From this step forward, the cultures were 

maintained at 0-4°C. Next, the cell suspensions were transferred to 15 

ml polypropylene beakers and sonicated 4 X 30 sec with cooling periods 

between each sonication. The resultant cell lysates were transferred to 

30 ml Corex centrifuge tubes and centrifuged at 750 x g for 20 min to 

pellet cellular debris. After centrifugation, the supernatants were 

decanted into 30 ml Corex centrifuge tubes and centrifuged at 48,000 x g 

for 60 min at 4°C to obtain whole cell membranes. The membrane pellets 

were resuspended in 500 ul of sterile deionized water and 300 ul was 

transferred to 1.5 ml polypropylene tubes and stored at -20°C. To the 

remaining 200 ul of whole membranes was added 2 volumes of extraction 

buffer (2% Triton X-lOa; 10 mM Tris-HCl, pH 8.0; smM magnesium 
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chloride) . The resuspended membranes were incubated at 25°C for 20 min 

to permit dissolution of the Triton-soluble inner membrane. The Triton

insoluble outer membrane proteins were then sedimented by centrifugation 

at 48,000 x g for 60 min. The pellets were resuspended in 100 ul of 

sterile deionized water and then mixed with 100 ul of 2X electrophoresis 

sample buffer (62.5 mM Tris-HC1, pH 6.8; 10% glycerol; 0.001% bromphenol 

blue; 2% SOS; 5% 2-mercaptoethanol). The outer membrane proteins were 

analyzed by SOS-polyacrylamide gel electrophoresis (SOS-PAGE). 

SOS-Polyacrylamide Gel Electrophoresis 

The outer membrane protein profiles of !. enterocolitica strains 

were examined by SOS-polyacry1amide gel electrophoresis on a vertical 

slab gel electrophoresis assembly (Hoeffer, model SE 520). The stock 

solution of acrylamide-bis (30.0:0.8) consisted of 30 g acrylamide (bio-

Rad) per 100 ml of deionized water. The 16% running gels had the 

following composition per gel: 7.65 ml of deionized water; 9.4 ml of 

1.5 M Tris-HCl, pH 8.8; 375 ul of 10% SOS (freshly prepared); 20 ml of 

acrylamide-bis; 55.5 ul of 10% ammonium persulfate (APS, freshly pre

pared, Bio-Rad); and 19 ul of TEMEO (N,N,N',N'-tetramethylenediamine, 

Bio-Rad). The gels were degassed under vacuum before the catalyst TEMEO 

was added. After the addition of TEMEO, the solution was mixed briefly 

and then poured into the slab apparatus. After allowing 2-4 h for 

polymerization, the gel was layered with overlay buffer (44.2 ml 

deionized water; 15.0 ml 1.5 M Tris-HCl, pH 8.8; 0.6 ml 10% SOS) and 

stored overnight at 25°C. The following day, the overlay buffer was 
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The 4% 

stacking gel had the following composition: 3.05 ml deionized water; 

1.25 ml of 0.5 M Tris-HC1, pH 6.8; 50 ul of 10% SOS (freshly prepared); 

0.65 m1 of acrylamide-bis and 30 ul of 10% APS (freshly prepared). 

After mixing and thorough degassing, 12.5 ul of TEMEO was added, mix

ing was continued for an additional 60 sec and the solution was poured 

into the apparatus. Polymerization occurred in 2-4 h at 25°C. The 

final dimensions of the stacking and running gel was 28 cm (length) x 4 

cm (width) x 0.75 mm (thickness). 

The gels were loaded into the electrophoresis assembly and 5 

liters of chilled (4°C) running buffer (per liter: 3.03 g Tris; 14.4 g 

glycine (Bio-Rad); 1.0 g SOS; deionized water to make 1 liter) were 

added. The outer membrane proteins were boiled for 5 min and then 1-7 

ul aliquots were applied to the sample wells. Electrophoresis was 

carried out at 20 rnA (80V) at 10°C until the bromphenol tracking dye 

migrated to the bottom of the gel. The gels were stained overnight at 

25°C with coomassie blue stain (10% glacial acetic acid, 25% isopropanol 

and 0.05% coomassie blue in deionized water). The gels were destained 

in the same solution, but without the coomassie blue dye. 

Oetection of V Antigen 

Strains of Y. enterocolitica were tested for V antigen 

production by Or. R. Brubaker, Michigan State University, East Lansing, 

Michigan (122). Bacteria were inoculated into a chemically defined 

medium (62) at an 0.0'620 of 0.1 and incubated at 25°C for 6 h. The 
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cells were harvested by centrifugation at 40,000 x g for 10 min and the 

pellets were resuspended in 0.05 M Tris (pH 7.8). Cells were disrupted 

by sonication for 60 sec and the lysates were centrifuged at 12,000 x g 

for 10 min. The supernatants containing the cellular extracts were then 

assayed for V antigen by Ouchterlony gel diffusion using monospecific 

antisera (88). 

Rapid Polystyrene Plate Assay for Hydrophobicity 

Y. enterocolitica strains were examined for their cell surface 

hydrophobic properties, to compare with their virulence attributes, by 

two different protocols. The first assay incorporated the replica 

polystyrene plate method of Rosenberg (133). Bacterial strains were 

incubated overnight in TBS at 25°C and then streaked (4 strains per 

plate) onto duplicate MOX plates. One set of plates was incubated over-

night at 37°C and the other at 25°C. A flat polystyrene petri plate 

(21 cm, Falcon) was pressed onto the surface of an agar plate containing 

the strains to be tested. The replica of the colonies obtained on the 

polystyrene surface was washed under a vigorous stream of tap water for 

2 min to remove all cells that were not firmly bound. Translucent areas 

corresponding to colonies of adherent cells could be observed on the 

polystyrene surface at this stage. However, to facilitate visualization 

and comparison with the original colonies, the replica polystyrene plate 

was fixed by dipping in methanol and then stained with crystal violet. 

The plates were again rinsed with tap water, air-dried and observed. 
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Hydrophobic Interaction Chromatography 

The second assay used to examine the hydrophobic nature of the 

cell surface of Y. enterocolitica was a modification of the hydrophobic 

interaction chromatography (HIC) procedure of Smyth et al. (150). 

Strains to be tested were incubated overnight at 25°C in TSB and then 

spread onto duplicate MOX plates. One set of plates was incubated at 

37°C and the other at 25°C overnight. 

The HIC columns consisted of four em (length) x 1 cm (diameter) 

chromatography columns (Econo-Columns, Bio-Rad) filled to a level of 2 

cm with either unsubstituted sepharose (CL-4B, Sigma), octyl-substituted 

sepharose (Sigma), phenyl-substituted sepharose (Sigma) or dodecyl-

substituted sepharose (Sigma). The columns were washed with approxi-

mately 5 column volumes of Tris buffer (50 mM Tris-HCl, pH 8.0) and a 1 

ml blank was collected from the sepharose CL-4B column eluant. A blank 

was also collected from each column prior to testing each cell 

suspension. 

Cell suspensions of the strains to be tested were obtained by 

swabbing the MOX plates with a sterile cotton-tipped applicator and 

resuspending the cells in Tris buffer to a density approximately equiva-

lent to McFarland's barium sulfate standard #4 (158). A 100 ul aliquot 

of cell suspension was applied to each column and buffer was carefully 

added dropwise until cells were visible in the effluent. At this point, 

the effluent was collected until a volume of 1 ml was obtained. The 
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0.0'600 of each sample was determined, in triplicate, with a spectro

photometer (Beckman, model OU-5). 

The columns were washed between each cell suspension with four 

volumes of Tris buffer containing 1% Triton X-lOa, to dislodge bacteria 

attached to the sepharose beads. The columns were then rinsed with at 

least five column volumes of Tris buffer to remove the Triton, after 

which a new blank was collected and another cell suspension was 

analyzed. 



RESULTS 

The results in this section represent an account of studies 

designed to define the role of the virulence plasmid in the pathogenesis 

of the foodborne pathogen I. enterocolitica. Both molecular and genetic 

approaches were used to characterize this recently discovered 

extrachromosomal genetic element. In particular, this study examines 

the virulence plasmid for a gene(s) responsible, in part, for the 

bacterium's pathogenic attributes. 

Transpositional mutants of a well-characterized serotype 0:3 

strain of Y. enterocolitica were constructed and tested for 

pathogenicity by the following laboratory assays: calcium dependency, 

colonization of the mouse gastrointestinal trace, HEp-2 cell 

adherence/invasion, HEp-2 cell monolayer detachment, autoagglutination, 

serum resistance, plasmid-mediated outer membrane protein production and 

V antigen production. The results of these tests were compared to the 

results of similar tests conducted with the wild-type parent strain and 

its plasmidless isogenic derivative to determine the relative 

pathogenicity of each strain. In addition, the plasmid DNA from each of 

the strains was physically analyzed to determine the location of a 

virulence gene(s). Each strain was also examined for its hydrophobic 

properties to determine whether or not there were any correlations 

between the presence of plasmid DNA, bacterial adherence and 

hydrophobicity. 
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The Construction of Transpositional Mutants of Y. enterocolitica 

The purpose of this experiment was to isolate strains of Y. 

enterocolitica that had the transposon Tn801 inserted onto the 

virulence plasmid. Plasmid DNA from the wild-type virulent strain of 

~ enterocolitica was subjected to transposon-mediated mutagenesis via 

conjugation of the strain with the E. coli strain harboring the 

plasmid pMR5 that carries Tn801. The plasmid DNA content of putative 

transconjugants was then analyzed by agarose gel electrophoresis to 

confirm the insertion of the transposon. 

The results of this analysis are illustrated in Figure 1. The 

wild-type virulent strain (TAMU 233) was shown to contain a 48 Mdal 

plasmid, whereas its avirulent isogenic derivative (TAMU 233-C) did 

not harbor any 

examined (JD190, 

plasmid with a 

plasmids. Five of the putative transconjugants 

JD193, JD217, JD224 and JD225) all contained a 

slightly increased molecular weight. The molecular 

weights of these plasmids were calculated by plotting the log of 

molecular weight versus the log of the relative mobility of plasmid 

DNA from these strains as well as strains containing molecular weight 

standards. From these analyses, the plasmids found in the 

transconjugants were determined to have a molecular weight of 51 Mdal. 

This was the anticipated size of a plasmid formed by the recombination 

of the 48 Mdal virulence plasmid with the 3.2 Mdal transposon Tn801. 

This data indicated that the plasmids harbored by the transconjugants 

were indeed the product of transpositional insertion and likely to be 

transpositional mutants. 



Figure 1. Agarose Gel Electrophoresis of partially 
Purified DNA from Strains of Y. enteroco1itica 

a. TAMU 233 

b. TAMU 233-C 

c. JD 190 

d. JD 193 

e. JD 217 

f. JD 224 

g. JD 225 

h. TAMU 70 

i. TAMU 72 

j. TAMU 146 



Figure 1. Agarose Gel Electrophoresis of partially 
Purified DNA from Strains of Y. enterocolitica 

U1 
.c:. 
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Determination TnBOl Insertion sites for Transpositional Mutants 

The plasmid DNA content of the transpositional mutants was 

further characterized by restriction endonuclease digestion. The 

purpose of this analysis was to determine the location of insertion 

sites for the transposon TnBOI. Such information would enable the 

identification of any virulence gene(s) on the plasmid. The results of 

this experiment are depicted in Figure 2. Restriction patterns for the 

wild-type plasmid (TAMU 233) and three of th€ mutants (JD2l7, JD224 and 

JD225) when cut with the enzymes Bam HI, Hind III and Sal I are illus-

strated. Typically, DNA bands migrate through the agarose from the 

origin (sample well, top of photograph) to the tracking dye (bottom of 

photograph) at a rate determined by their molecular weight. The larger 

fragments migrate more slowly and are found at the top of the photo

graph, whereas the smaller fragments migrate rapidly and are near the 

bottom of the photograph. 

The three mutant strains all contain a TnBOl insert in the Hind 

III "A" fragment (fragment with the greatest molecular weight). This 

can be seen by the increased molecular weight of this fragment when com-

pared to the Hind III fragment of the wild-type plasmid. Additionally, 

the plasmid DNA from these mutant strains elicited different patterns 

when cut with the enzyme Bam HI. This indicated that all three strains 

had TnBOl inserted into a slightly different site on the Hind III "A" 

fragment and were, therefore, the products of independent events. Two 

of the other transpositional mutants examined (JD 190 and JD193) had 

Tn801 inserted into Hind III fragments "F" and "e," respectively. 



Figure 2. Agarose Gel Electrophoresis of Restriction 
Endonuclease Digests of Purified Plasmid DNA from 
Strains of Y. enterocolitica 

a. Lamba DNA - Eco Rl 

b. TAMU 233 - Hind III 

c. JD2l7 - Hind III 

d. JD224 - Hind III 

e. JD225 - Hind III 

f. TAMU 233 - Sal I + Hind III 

g. JD2l7 - Sal I + Hind III 

h. JD224 - Sal I + Hind III 

i. JD225 - Sal I + Hind III 

j. TAMU 233 - Bam Hl 

k. JD2l7 - Bam Hl 

1. JD224 - Bam Hl 

m. JD225 - Bam Hl 



Figure 2. Agarose Gel Electrophoresis of Restriction 
Endonuclease Digests of Purified Plasmid DNA from 
Strains of Y. enterocolitica U1 

(11 
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The locations of the Tn80l insertion sites were confirmed by 

DNA-DNA hybridization. First, the DNA from the restriction gel was 

transferred to nitrocellulose via a Southern blot and pMR5 DNA was 

transferred to 

labeled with 

nitrocellulose via a Southern blot and pMR5 DNA 

32 
P by nick-translation. Then the P-Iabelled pMR5 

was 

was 

hybridized to the Southern blot of the restriction gel. Figure 2 

illustrates those fragments (in red) which hybridized with pMR5. The 

wild-type plasmid that was run as a control did not hybridize with pMR5. 

However, the Hind III "A" fragments of JD217, JD224 and JD225 did 

hybridize with pMR5, thus confirming the locations of the insertions. 

In addition, the Bam Hl digestions for these three strains yielded two 

fragments that had hybridized to pMR5, indicating that TN801 contains a 

single Bam HI site. Again, the hybridization patterns confirmed that 

the three mutants were independent strains. 

Identification of Three Calcium Independent Mutants 

The transpositional mutants were examined for their pathogenic 

properties by several criteria. The first of these was the assay for 

calcium dependence. The results of this experiment are recorded in 

Table 2. The wild-type virulent strain (TAMU 233) was found to be 

calcium dependent, whereas its plasmidless isogenic derivative (TAMU 

233-C) was calcium independent. Additionally, three of the 

transpositional mutants (JD2l7, JD224 and JD225) had become calcium 

independent. This finding indicated that the gene(s) responsible for 



Table 2. The Pathogenicity of Y. enterocolitica by Laboratory Assays 

HEp-2 Cell 
Calcium Mouse Adherence/ 

Strain No. Dependence Colonization Invasion Autoagglutination 

TAMU 233 + + + + 

TAMU 233-C + 

JDl90 + + + + 

JDl93 + + + + 

JD217 + + + 

JD224 + + + 

JD225 + + + 

V Antigen 
Production 

+ 

+ 

+ 

+ 

+ 

+ 

U1 
CD 
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calcium dependence could be found on the Hind III "A" fragment of the 

virulence plasmid. These ca~cium independent strains were saved for 

analysis of their other virulence attributes. Two of the mutant strains 

(JD190 and JD193) were still calcium dependent. These two strains were 

retained as additional controls for further virulence testing. 

Mouse Colonization as an Assay for Pathogenicity 

Another criterion used to measure the pathogenicity of the 

transpositional mutants was the ability to colonize the mouse 

gastrointestinal tract. Some researchers (89, 173) feel that this assay 

may also measure the ability of Y. enterocolitca to adhere to the 

mucosal epithelial cells of the gut. This test is performed by orally 

infecting mice and then culturing the feces daily for two weeks. 

Strains which colonize the gastrointestinal tract can be recovered from 

the feces for more than two weeks, whereas strains which do not colonize 

cannot be recovered after the third day post-infection. 

The results of this examination are also shown in Table 2. The 

wild-type virulent strain (TAMU 233) and the two control mutant strains 

(JD190 and JD193) were able to colonize the mouse gastrointestinal 

tract. Additionally, the three calcium independent mutants (JD217, 

JD224 and JD225) were capable of mouse colonization. This was surpris-

ing as all of the then known plasmid-encoded virulence attributes of Y. 

enterocolitica were believed to be manifestations of the same gene or 

group of genes. These results indicated that this assumption was in-

correct; there must be at least two genes or sets of genes responsible 
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for plasmid-mediated pathogenicity. The isogenic plasmidless derivative 

of the wild-type virulent strain (TAMU 233-C), as expected, was unable 

to colonize the mouse gastrointestinal tract. 

HEp-2 Cell Adherence/Invasion Properties of Y. enterocolitica 

The purpose of this experiment was to examine both the adherent 

and invasive abilities of the bacterial strains. The results of these 

analyses are presented in Table 2. No distinction could be made between 

adherence and invasion. All of the strains were capable of adhering to 

and invading human epithelial cells equally well. This data supports 

the hypothesis that invasiveness is chromosomally determined, since the 

plasmidless strain TAMU 233-C was as invasive as its virulent parent 

strain. 

Avirulent Mutants for the HEp-2 
Cell MonolaycI; D~tachment Assay 

The results of this experiment are presented in Figure 3. The 

wild-type TAMU 233 strain promoted monolayer detachment, but the 

plasmidless strain TAMU 233-C did not. JDl90 and JD193, which have 

TnaOI inserted at sites other tha-n the Hind III "A" fragment, were also 

capable of detaching the monolayers. The calcium independent strains 

JD217, JD224 and JD225 were not able to promote monolayer detachment. 

Pathogenicity as Measured by Autoagglutination 

The results of this study are recorded in Table 2. The wild-

type virulent strain (TAMU 233), the two calcium dependent mutants 



Figure 3. HEp-2 Cell Monolayer Detachment Assay for 
Strains of Y. enterocolitica 
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(JD190 and JD193), and the three calcium independent strains (JD2l7, 

JD224 and JD225) were all positive for autoagglutination. 

Serum Resistance as a Pathogenic Attribute 

The results of this assay are illustrated in Figure 4. When 

TAMU 233 was grown at 37°C, the decrease in the number of viable 

bacteria after exposure to serum for 90 min was slight. However, when 

cultivated at 25°C, the number of bacteria surviving exposure to serum 

for 90 min was reduced to almost one-half of the original inoculum. 

This difference in serum sensitivity of bacteria at the two temperatures 

was shown to be statistically significant ( p < 0.01) when analyzed by 

factorial analysis of variance. All of the transpositional mutants, 

both calcium dependent and independent, were serum resistant when 

cultivated at 37°C and serum sensitive when cultivated at 25°C. The 

plasmidless strain TAMU 233-C was sensitive to serum at both cultivation 

temperatures. 

Correlation Between Outer Membrane 
Protein Production and Calcium Dependence 

The outer membrane protein profiles exhibited by the trans-

positional mutants and their controls were analyzed by SDS-PAGE and 

compared. The results are shown in Figure 5. TAMU 233, containing the 

wild-type plasmid, produced at least three polypeptides at 37°C that 

were not present at 25°C. The calcium independent strains JD2l7, JD224 

and JD225, as well as the plasmidless strain TAMU 233-C, did not produce 

these polypeptides at either 37°C or 25°C. To rule out the possibility 
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Figure 5. 5DS-Polyacrylamide Gel Electrophoresis of 
Outer Membrane Proteins from Strains of Y. enterocolitica 

a. JD2l7, 37°C 

b. JD224, 37°C 

c. JD225, 37°C 

d. TAMU 233, 37°C 

e. JDl90, 37°C 

f. JDl93, 37°C 



Figure 5. SOS-Polyacrylamide Gel Electrophoresis of 
Outer Membrane Proteins from Strains of Y. enterocolitica 

64 
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that Tn80l insertion at any plasmid site would prevent the expression of 

these polypeptides, the calcium dependent mutants JDl90 and JDl93 were 

also tested for outer membrane proteins. Both of these strains still 

produced the plasmid-specified polypeptides. 

V Antigen Production as it Relates to Pathogenicity 

The results of this analysis are presented in Table 2. The 

wild-type virulent strain TAMU 233, the calcium dependent mutants JDl90 

and JD193, as well as the calcium independent strains JD217, JD224 and 

JD225 all produced V antigen. However, the plasmid1ess strain TAMU 233-

C did not produce V antigen. 

Calcium Independent Mutant Exhibit Decreased 
Hydrophobicity by the Rapid Polystyrene Plate Assay 

The results of the rapid polystyrene plate assay for 

hydrophobicity are shown in Figure 6. The wild-type strain (TAMU 233) 

adhered strongly to polystyrene, whereas its isogenic plasmidless 

derivative (TAMU 233-C) was not adherent. In addition, the three 

calcium independent strains (JD 217, JD224 and JD225) had also lost the 

ability to adhere to polystyrene. However, the two calcium dependent 

transpositional mutants (JD 190 and JD 193) adhered as well as the wild-

type strain. 

Further Analysis 

Further Analysis of Hydrophobicity by 
Hydrophobic Interaction Chromatography 

The results of hydrophobic interaction chromatography are 

illustrated in Figure 7. None of the strains adhered well to the 



Figure 6. Rapid Polystyrene Plate Assay for 
Hydrophobicity of Strains of Y. enterocolitica 
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un substituted Sepharose CL-4B which served as a non-adherent control. 

The wild-type strain TAMU 233, when cultivated at 25°C, had little 

affinity for any of the substituted gels. However, when grown at 37°C, 

this virulent strain was able to strongly bind to each of the gels 

tested. The plasmid less strain TAMU 233-C, was also non-adherent at 

25°C; however, this strain was also non-adherent when cultivated at 

37°C. similarly, the three calcium independent strains JD2l7, JD224 and 

JD225 were non adherent when cultivated at either 25°C or 37°C. 

The results described above were statistically analyzed using 

factorial analysis of variance. The results of the statistical analysis 

are shown in Figure 8. Comparison of the strains with respect to the 

particular conjugated hydrophobic side chains indicated that there were 

no significant difference between the three substituted gels. However, 

there was a significant difference (p < 0.01) between the two 

cultivation temperatures for the wild-type virulent strain TAMU 233. At 

37°C, the difference between this strain (TAMU 233) and the other 

strains tested (TAMU 233-C, JD2l7, JD224 and JD225) also proved to be 

highly significant (p < 0.01). These observations are consistent with 

those of the rapid polystyrene plate assay. 

Location of a Virulence 
Gene on the Virulence Plasmid 

The results of this study indicated that a gene(s) had been 

identified that coded for the Y. enterocolitica virulence-associated 

properties of calcium dependence, HEp-2 cell monolayer detachment, the 
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production of the three unique outer membrane proteins and cell surface 

hydrophobicity. The final step was to determine the location of this 

gene(s) on the virulence plasmid. Restriction endonuclease analysis and 

DHA-DNA hybridization procedures had already indicated that the gene(s) 

resided on the Hind III "A" fragment, a 13.7 Mda1 segment of DNA. 

Analysis of single and double digests of the wild-type virulence 

plasmid by the enzymes Hind III, Bam Hl and Sma I resulted in a partial 

restriction map of the virulence plasmid. this map is depicted in 

Figure 9. Similar analyses of the virulence plasmid from the calcium 

independent mutants JD2l7, JD224 and JD225 enabled the location of their 

Tn80l insertion sites. These insertion points identified the calcium 

dependent virulence gene and indicated that it was at least 3.5 Mdal 

(4.8 kilobases) in size. We have designated this gene(s) cal with a 

corresponding phenotypic designation Cal. 
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DISCUSSION 

Y. enterocolitica is a significant human pathogen worldwide. 

Although this organism has been recognized for some time, it has only 

recently attracted the attention of public health scientists. 

Unfortunately, very little 

virulence of this organism. 

enterocolitica have been 

is known about the pathogenicity and 

The pathogenicity and virulence of Y. 

investigated by several groups of 

investigators during the past five years; however, its pathogenicity is 

still a topic of great controversy. While several assays have been 

described to test for virulence attributes of Y. enterocolitica, the 

actual mechanisms of pathogenesis remain undetermined. Recently, a 

plasmid was discovered and shown to play an important role in the 

virulence of this organism (194). However, the exact role of this 

plasmid in the mechanism of pathogenicity remains undefined. The 

purpose of this study was to characterize, from molecular and genetic 

standpoint, the virulence plasmid of Y. enterocolitica. 

Specifically, this study was designed to identify and locate any plasmid 

genes that contribute to the virulence of this organism and to elucidate 

the role(s) this gene(s) plays in pathogenesis. 

The results of this study prove that a gene or set of genes 

that is related to virulence has been located on the virulence plasmid 

of Y. enterocolitica. Mutant strains that have had this virulence 

gene(s) inactivated by transposon mutagenesis have been constructed, 

thus enabling the characterization of its role in pathogenicity. 

72 
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Initially, these mutants were shown to be calcium independent. 

Normally, virulent strains cultivated on a low-calcium medium at 37 C 

produce only microcolonies, whereas avirulent strains produce 

normal-sized colonies. The calcium independent mutants were given the 

phenotype Cal-; the plasmid gene(s) that had been inactivated by TnBOl 

insertion and was responsible for this phenomenon was designated cal. 

A characterization of the calcium independent strains using 

each of the virulence assays revealed that the various virulence tests 

could be divided into three groups: 1) plasmid-mediated traits 

related to cal, 2) plasmid-mediated traits unrelated to cal and 3) 

traits that were not plasmid-mediated. 

The plasmid-mediated traits related to cal included HEp-2 cell 

monolayer detachment, production of outer membrane proteins and cell 

surface hydrophobicity. All calcium independent strains concomitantly 

lost the ability to detach HEp-2 cell monolayers, lost the ability to 

produce at least three distinct outer membrane proteins and became 

cell surface. significantly less hydrophobic on 

plasmid-mediated nature of these 

their 

traits is confirmed by 

The 

the 

observation that loss of the virulence plasmid also results in calcium 

independence, loss of the ability to detach HEp-2 cell monolayers, 

loss of the ability to produce at least three outer membrane proteins 

and loss of cell surface hydrophobicity. 

The plasmid-mediated traits unrelated to cal include 

autoagglutination at 37 C, serum resistance at 37 C, production of V 

antigen and colonization of the mouse gastrointestinal tract. Calcium 
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independent strains were invariably wild-type with respect to each of 

these properties. However, the loss of the plasmid always resulted in 

strains which could no longer autoagg1utinate at 37 C, were no longer 

serum resistant at 37 C, no longer produced V antigen and no longer 

colonized the gastrointestinal tract of mice. 

HEp-2 cell adherence/invasion was not a plasmid-mediated 

trait. Strains which had lost the virulence plasmid were still able 

to adhere to and invade HEp-2 cells. This observation supports the 

results of other investigators (140) suggesting that cell invasion is 

chromosomally determined. 

Although tills study has been successful in ~ategorizing these 

phenomena, the exact relationship between these various phenomena 

remains unclear. For example, we still might ask how calcium 

independence relates to the three outer membrane proteins or to 

hydrophobicity. Also, we might ask what relationship exists between 

autoagglutination, serum resistance, V antigen and mouse 

gastrointestinal colonization. Also, we might ask how the apparently 

chromosomal genes for HEp-2 cell adherence/invasion relate to these 

two plasmid genes or groups of genes. 

For the purpose of speculation, the plasmid-mediated genes 

related to cal can be centered on the production of the outer membrane 

proteins. It is possible that these plasmid-specified outer membrane 

proteins function in the transport of calcium ions across the cell 

membrane. Bacterial membranes are known to be semi-permeable in that 

they selectively control which cations and anions enter the cell 
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(163) • The production of this hypothetical transport system might be 

induced by a low-calcium culture medium at 37 C, an environment not 

unlike the interior of the mammalian cell. The proteins themselves 

are probably part of the same transcriptional unit, since in no 

instance was one or two of these proteins produced in the absence of 

the others. The production of these proteins proved to be an 

all-or-none phenomenon. It is possible that 

structurally related in that they are all a 

mu1timeric protein in vivo. The relationship 

these proteins are 

part of the same 

between the outer 

membrane proteins and HEp-2 cell monolayer detachment is not clear. 

Monolayer detachment is a reflection of the destruction of the cell 

following invasion by the bacterium. It is possible that the outer 

membrane proteins or some other p1asmid-specificed molecule causes the 

death of the cell following invasion. 

The enhanced hydrophobicity of virulent cells might also be 

related to the presence of outer membrane proteins. Hydrophobicity is 

known to be important in the virulence of pathogenic bacteria, with 

pathogenic strains being more hydrophobic (71, 121, 157, 158). In 

addition, the hydrophobic nature of the outer-most bacterial surface 

has been cited as being a factor in the adherence of bacteria to 

nonwettable plastic surfaces (48, 51), in the attachment of bacteria 

to mammalian cells (121, 150, 158) and in the growth of bacteria on 

insoluble hydrophobic substrates such as hydrocarbons (134). 

Although hydrophobic and ionic interactions have been investigated for 

s. typhimurium (54), oral streptococci (92, 132), Neisseria, 
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Moraxella and Pseudomonas (118), Y. enterocolitica has not been 

investigated. Hydrophobic interaction chromatography is a reliable 

means of investigating the hydrophobicity of cell surfaces (64, 135, 

146). Proteins other than the outer membrane proteins may be involved 

in hydrophobicity. Fimbriae have been reported on the surface of I!. 

enterocolitica (112). Although the f~~ of I!. enterocolitica have 

not been characterized, f~~ from other bacteria are known to play 

a major role in hydrophobic interactions and to constitute the 

predominant structures that adhere to hydrophobic gels (121). 

The relationships between the plasmid-mediated traits 

unrelated to cal are equally puzzling. Autoagglutination appears to 

be the result of bacteria simply "sticking" together. This is evident 

when the cells are viewed under the electron microscope (unpublished 

observation, R. Victor Lachica, University of Arizona). We may infer 

that an extracellular cell-surface substance, which is encoded by the 

plasmid, is responsible for this agglutination. It is possible that 

this same substance, or an unrelated one, is also responsible for 

resistance to serum complement or colonization of the mouse 

gastrointestinal tract. It is likely that the V antigen is not 

directly related to any of these phenomena, since the V antigen is 

known to be an intracellular protein (122). The role of the V antigen 

is completely unclear at present. 

The relationship between the plasmid-mediated traits and those 

traits that are not plasmid-mediated is also unclear. Although this 

study provides no direct evidence to show that the property of HEp-2 
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cell adherence/invasion is chromosomal in nature, the circumstantial 

evidence supports this view. It would be convienient if cell 

adherence/invasion was an intrinsic property of strains belonging to 

"pathogenic" serotypes, as suggested by Schiemann and Devenish (140). 

This would mean that when these strains acquire a virulence plasmid, 

both chromosomal and plasmid genes can act in concert to produce 

disease in the host. It should be pointed out adherence/invasion 

phenomena 

view of 

would most likely be mediated by cell surface molecules. 

this possibility, as well as the existence 

In 

of 

plasmid-specified outer membrane proteins and the possible role of 

fimbriae in virulence, the cell surface of Y. enterocolitica should be 

studied further to gain an understanding of how bacteria interact with 

their host. 

In addition to investigating the interactions of the virulence 

attributes of Y. enterocolitica, this study has located the cal 

gene(s) on the virulence plasmid. It has been determined that this 

gene(s) resides on the Hind III "A" fragment which includes the Bam HI 

"B," "D" and "E" fragments. All· of the insertion mutants mapped 

within a 3.5 Mdal (4.8 kilobase) segment of DNA. Although a limited 

number of mutants were mapped, we may conclude that this area 

represents the minimum size of the gene(s). The dimensions of the 

gene(s) could be further refined by obtaining and mapping additional 

mutants; however, the most direct approach would be to use molecular 

cloning to isolate the gene(s). 
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The pathogenesis of an enteric bacterial pathogen can be 

considered in three steps: adherence, invasion and intracellular 

events. In this context, this study shed light on the mechanism of Y. 

enterocolitica pathogenicity. The following hypothesis seems to account 

for each of the various genes or groups of genes involved in 

pathogenesis: Y. enterocolitica attaches to and invades a cell as a 

result of cell-surface molecules encoded by a gene(s) on the bacterial 

chromosome. Also, the plasmid gene(s) for autoagglutination and mouse 

gastrointestinal tract colonization pl~y a role in this process. Once 

inside the cell, the bacterium enters a 37°C environment that is calcium 

limited. This environment causes the bacterium to begin an ordered 

stepdown of macromolecular biosynthesis, particularly stable RNA (38, 

190). Also, the cell begins to produce V and W antigens as well as 

plasmid-specified outer membrane protein. Soon, the invaded cell dies 

and disintegrates, releasing the bacteria to infect other cells. The 

trigger for this series of events is likely to be the product(s) of the 

cal gene(s) or oone of its regulatory molecules. A bacterium with a 

mutant cal gene does not sense tht it is in a low calcium environment 

and does not produce the outer membrane proteins to transport calcium 

into the cell. Also, a bacterium with a mutant cal gene does not cause 

the rapid death of the invaded cell. 

The model proposed above is, of course, highly speculative. 

However, it accounts for many, if not all, of the current observations 

on the virulence of Y. enterocolitica and shows how chromosomal and 

plasmid genes might interact. Hoepfully, the model will be e}camined 

'""r._ ...... 



79 

by other investigators and expanded or modified until this interesting 

pathogen is better understood. 
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