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Yersinia pseudotuberculosis was isolated from retail pork and from healthy swine throats. These wild-type
strains and their representative cured isogenic strains were tested for the presence of plasmids and several
virulence factors, and these characteristics were compared with those of virulent strains from humans. Two
pork isolates (serotype IVB) and four swine isolates (serotypes IIB, IIC, III, and IVB) harbored a 42- to
48-megadalton plasmid which had similar fragmentation patterns resulting from digestion with restriction
endonuclease. These six strains were lethal for mice via oral challenge and were positive in autoagglutination
and calcium dependency tests. They also invaded HeLa cells and induced cytotoxicity. Histopathological
examination and indirect fluorescent-antibody staining provided definite evidence of the pathogenicity of these
strains when tissue sections from orally infected mice were used. The virulence factors of wild-type pork and
swine isolates with the 42- to 48-megadalton plasmid were identical to those of two human isolates (serotypes
IVB and VB). Hence, these pork and swine isolates should be considered potentially pathogenic for humans.
The finding suggests that retail pork and swine may play an important role in the epidemiology of human

infections caused by Y. pseudotuberculosis.

Yersinia pseudotuberculosis is associated with a variety of
human diseases, such as mesenteric lymphadenitis, terminal
ileitis, erythema nodosum, arthritis, and septicemia (15).
Since 1981, several large outbreaks of Y. pseudotuberculosis
infection have been reported in Japan (7, 25). These reports
implicated foods as the vehicle of transmission; however,
the foods responsible were not bacteriologically identified.

Y. pseudotuberculosis is also a well-recognized animal
pathogen which causes zoonotic infections (14, 18, 24).
Studies done in Europe, Canada, and Japan have shown that
swine are an important reservoir of Y. pseudotuberculosis
(16, 29, 30, 35). The presence of the organism in swine
suggests that pork meat may be contaminated. Although an
association between clinical human infections and pork
ingestion has been implied (32), the organism has never been
found in retail pork samples (16). Consequently, the link
between a swine reservoir and transmission to humans
remains unclear.

Our recent survey, however, of retail meat sold in Japan
revealed that 2% of pork tongue and 0.8% of ground pork
samples were contaminated with Y. pseudotuberculosis (3,
27).

The virulence of Y. pseudotuberculosis is associated with
a 40- to 50-megadalton (MDa) plasmid (5, 8, 21). The virulent
plasmid is associated with several kinds of virulence factors,
i.e., calcium dependency (5), expression of VW antigens
(20), autoagglutination (12), production of specific outer
membrane proteins (1, 21), cytotoxicity in tissue culture
cells (17, 23), and lethality in mice (1, 12). However, no
report is available on the virulence and presence of plasmids
in Y. pseudotuberculosis strains isolated from pork or swine.

In this study, we investigated several virulence factors and
plasmid profiles of Y. pseudotuberculosis isolated from pork
or swine and compared the results with those for human
isolates in terms of their significance in public health.
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MATERIALS AND METHODS

Bacterial strains. The 12 strains of Y. pseudotuberculosis
used in this study are shown in Table 1. Strain MCP49
(serotype IVB) was isolated from pork tongue at our labo-
ratory in Shizuoka, Japan (27). Strain M364 (serotype IVB)
was isolated from ground pork in Shimane, Japan (3). The
strains with the PT prefix (serotypes IIB, IIC, III, and IVB)
were isolated from healthy swine throats. Two strains from
humans were used as virulent control cultures. Strain
CYP86-1 (serotype IVB) was isolated from the stool of a
patient involved in a mass outbreak by K. Sanbe, Public
Health Laboratory of Chiba Prefecture, Chiba, Japan (25).
Strain K1 (serotype VB) was isolated from the stool of a
patient representing a sporadic case by M. Sogawa, Kagawa
Prefectural Institute of Public Health, Kagawa, Japan. Four
plasmid-containing strains were cured by selection for colo-
nies growing on a magnesium oxalate agar plate at 37°C.
Isogenic cured mutants are designated by the C suffix. Stock
cultures were kept as cell suspensions at —20°C in 30%
glycerol-1% peptone.

Assays for virulence factors. Autoagglutination was deter-
mined by the method of Laird and Cavanaugh (12). Magne-
sium oxalate agar (6) was used for the determination of
calcium dependency. The invasion of HeLa cell monolayers
was determined as described by Vesikari et al. (33). Cyto-
toxicity (17) was determined by the morphological changes
in HeLa cells, i.e., the appearance of round and densely
stained cells with a few extended pseudopods. The produc-
tion of heat-stable enterotoxin (ST) was determined by the
suckling mouse assay (19). Oral infection of ddY mice
(Shizuoka Agricultural Cooperative Association for Labora-
tory Animals, Shizuoka, Japan) with Y. pseudotuberculosis
was carried out as described by Bolin et al. (1). Groups of
five mice weighing 20 to 22 g were deprived of water for 18
h and then allowed to drink freely from a 50-ml water
suspension of each strain (~10° bacteria per ml) grown at
25°C. In addition, a histological examination and an indirect
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TABLE 1. Results of the virulence tests for 12 Y. pseudotuberculosis strains

. . Virulence . HeLa cell
Strain® Source Serotype .Pla(sggi ) Autoagglutination d Calc‘;um in mice LDso in " dST .
size a, ependency (oral)? mice (i.p-)°  [vasion Cytotoxicity P uction
MCP49 Pork tongue IVB  2.2,38,42 + + Lethal 5.4 x 10* + + -
MCP49-C 2.2,38 - - —_ >107 + - -
M364 Ground pork IVB 22,42 + + Lethal 1.8 x 10* + + -
M364-C 2.2 - - — >107 + - -
PT593 Swine throat IVB 36, 42 + + Lethal L + + -
PT593-C 36 - - — NL + — —
PT94 Swine throat 11B 44 + + Lethal L + + -
PT508 Swine throat 1IC 46 + + Lethal L + + -
PT595 Swine throat 111 47 + + Lethal L + + -
CYP86-1 Human IVB 42 + + Lethal 7.8 x 10* + + -
CYP86-1-C None - - — >107 + - -
K1 Human VB 48 + + Lethal L + + -

4 The C suffix indicates that isogenic mutants of the organisms were selected on magnesium oxalate agar.

b ., No illness.

¢ LDso, 50% Lethal dose. L, Lethal when 3 x 10° cells were injected i.p.; NL, nonlethal when 3 x 10° cells were injected i.p.

fluorescent-antibody examination of tissue sections from
orally infected mice were performed to demonstrate the
evidence for pathogenicity. The 50% lethal dose for ddY
mice was determined by intraperitoneal (i.p.) injection of
graded doses of a suspension in saline of each strain grown
at 25°C and by the calculation method of Reed and Muench
(22). The virulence after i.p. injection of six strains (PT593,
PT593-C, PT94, PT508, PT595, and K1) was assessed by
inoculating i.p. a single dose (3 X 10° cells) of bacterial
suspension into five mice. Mortality was recorded daily for
21 days.

Plasmid detection and restriction digests. Overnight cul-
tures grown at 25°C in brain heart infusion broth were lysed
by a modification of the method of Kado and Liu (9). Lysates
were incubated for 30 min at 55°C and extracted twice with
a phenol-chloroform (1:1) mixture. Plasmid DNA was sub-
jected to electrophoresis on an 0.8% agarose gel previously
soaked in Tris-borate buffer (0.089 M Tris, 0.089 M boric
acid, 0.002 M EDTA [pH 8.0]). Plasmid sizes were estimated
by comparison with uncut control plasmids of known sizes
(S-a, 23 MDa; RP4, 36 MDa; R1, 62 MDa) and by summation
of the restriction fragments treated with three restriction
endonucleases (BamHI, HindIll, and EcoRI). Restriction
endonucleases were used under the conditions recom-
mended by the supplier (Nippon Gene Co., Toyama, Japan).
Restricted DNA was subjected to electrophoresis on a
horizontal 0.7% agarose gel in Tris-acetate buffer (0.04 M
Tris, 0.02 M sodium acetate, 0.002 M EDTA [pH 8.0]).

RESULTS

Assay for virulence factors. The results obtained in viru-
lence tests with 12 strains of Y. pseudotuberculosis are given
in Table 1. All the strains were serotyped in our laboratory.
Wild-type strains (MCP49, M364, and CYP86-1) of serotype
IVB from pork or humans were positive in autoagglutination
and calcium dependency tests. The same strains were lethal
for mice within 3 to 7 days after oral ingestion. Extraintes-
tinal translocation of these strains could be easily demon-
strated by recovery of the challenge organisms from the liver
and spleen at necropsy. The 50% lethal doses of the three
strains determined after i.p. injection were 1.8 x 10% to 7.8 x
10* cells. These strains also induced cytotoxicity in HeLa
cells but did not produce ST. Histopathological changes in

dead mice infected orally were necrotic lesions, mainly in
the intestine, liver, and spleen, caused by all of the strains.
Organisms in the colonies in the necrotic lesions were
detected by the fluorescent-antibody technique. The other
wild-type strains (PT593, PT94, PT508, PT595, and K1) from
swine or humans were positive in six kinds of virulence
tests, including the lethality test by oral ingestion or a single
i.p. injection of 3 X 10° cells in mice. The virulence of the
isolates from pork or swine was equal to that of the human
isolates.

Isolation and characterization of plasmids. To assess the
relationship between virulence factors and plasmids in the
strains, we examined the plasmid contents. Eight wild-type
strains carried plasmids with molecular sizes ranging from
2.2 to 48 MDa (Fig. 1). We also found that a plasmid ranging
in size from 42 to 48 MDa was present in these strains,
regardless of their sources and serotypes. Four isogenic
calcium-independent mutant strains (MCP49-C, M364-C,
PT593-C, and CYP86-1-C) lost the 42-MDa plasmid but
retained the other plasmid(s). The same strains also lost
three kinds of virulence factors: autoagglutination, cytotox-
icity in HeLa cells, and lethal effects in mice after oral
feeding. The 50% lethal dose of three cured isogenic strains
(MCP49-C, M364-C, and CYP86-1-C) after i.p. injection
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FIG. 1. Agarose gel electrophoresis of plasmid DNAs from Y.
pseudotuberculosis MCP49 (lane A), MCP49-C (lane B), M364 (lane
C), M364-C (lane D), PT593 (lane E), PT593-C (lane F), PT94 (lane
G), PT508 (lane H), PT595 (lane I), CYP86-1 (lane J), and K1 (lane
K). Lane L, Molecular mass standards (S-a, 23 MDa; RP4, 36 MDa;
R1, 62 MDa). LF, Linear DNA fragments.
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exceeded 107 cells, and one strain (PT593-C) was nonlethal
for mice even though 3 X 10° cells were injected by the i.p.
route (Table 1). These data indicate that the presence of a 42-
to 48-MDa plasmid may be required for the expression of
virulence factors and pathogenicity in mice. The inva-
siveness of cured isogenic strains in HeLa cells was identical
to that of uncured wild-type strains. However, the cured
strains no longer caused cytotoxicity in HeLa cells (Table 1).
This fact is in accordance with observations by Okamoto et
al. (17) and Rosqvist and Wolf-Watz (23). These data imply
that the virulence plasmid is not essential for the invasion of
HelLa cells by Y. pseudotuberculosis but that it apparently
encodes a genetic factor responsible for cytotoxicity.

Furthermore, we investigated the DNA similarities of 42-
to 48-MDa plasmids from Y. pseudotuberculosis by compar-
ing fragmentation patterns resulting from digestion by re-
striction endonucleases. The representative patterns of
DNAs digested with BamHI are shown in Fig. 2. The
plasmids from eight wild-type strains shared many fragments
of identical size (Fig. 2, lanes B, D, F, H, I, J, K, and L),
regardless of the serotypes or sources. When these plasmid
DNAs were digested with EcoRI or Hindlll, the same
results were obtained (data not shown). Furthermore, all
plasmids from the wild-type strains shared three common
BamHI restriction fragments (arrows in Fig. 2) which were
equal in size to the calcium dependence region of plasmid
pIB1 of Y. pseudotuberculosis YPIII, identified previously
by Portnoy et al. (21). The sizes of the three fragments were
4.0, 4.4, and 5.3 kilobases. The similarity in the fragmenta-
tion patterns of the 42- to 48-MDa plasmids suggests a
possible association between a closely related family of
plasmids and the pathogenicity of our isolates from pork,
swine, and humans.

DISCUSSION

Y. pseudotuberculosis has been classified into six serolog-
ical types designated O types I to VI. Subtypes A and B have
been designated in O types I, II, IV, and V (28). Further-
more, new serotypes IIC, VII, and VIII have been proposed
by Tsubokura et al. (31). We used five serotypes of Y.
pseudotuberculosis strains isolated from pork, swine, or
humans in this study (Table 1). Since the most common
types of Y. pseudotuberculosis isolated from human materi-
als in Japan are serotypes IVB and VB (32), human strains
with these serotypes were used as virulent control cultures.

Y. pseudotuberculosis has been frequently isolated from
domestic animals, pets, wild animals, and water (4, 10, 26,
30, 34, 35). Knapp (11) pointed out three possible modes of
Y. pseudotuberculosis infection: (i) direct contact with in-
fected animals or their excreta, (ii) consumption of infected
meat or other contaminated foodstuffs, and (iii) drinking of
contaminated water or milk. Transmission from animals (2,
13) or water (26) to humans has been established by actual
cases. In contrast, possible modes of transmission from pork
to humans have not yet been documented. However, in
Japan Shiozawa et al. (27) and Fukushima (3) recently
reported that retail pork meat was contaminated with Y.
pseudotuberculosis serotype IVB. The results of this study
show that such isolates are highly virulent for mice and that
they possess a 42-Mda plasmid. This class of plasmid is
associated with virulence factors, such as lethality in mice,
autoagglutination, calcium dependency, and cytotoxicity in
HeLa cells. There were no differences in these virulence
factors among pork, swine, and human clinical isolates of Y.
pseudotuberculosis. Thus, pork and swine isolates should be
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FIG. 2. BamHI-digested plasmid DNAs from Y. pseudotubercu-
losis strains. Lanes: A, Molecular weight marker (lambda DNA plus
EcoRlI plus Hindlll); B, MCP49; C, MCP49-C; D, M364; E, M364-
C; F, PT593; G, PT593-C; H, PT94; 1, PT508; J, PTS95; K,
CYP86-1; L, K1. Arrows indicate three common BamHI restriction
fragments which were equal in size to the calcium dependence
region of plasmid plB1 of Y. pseudotuberculosis YPIII, identified
previously by Portnoy et al. (21).

considered potentially pathogenic for humans. There ap-
pears to be a close relationship between the presence of
virulent Y. pseudotuberculosis in swine and contamination
with virulent Y. pseudotuberculosis in pork. If pork is
contaminated with virulent Y. pseudotuberculosis and im-
properly cooked or allowed to cross-contaminate other
foods, its consumption may result in the development of a Y.
pseudotuberculosis infection. Therefore, we presume that
pork may play an important role in the epidemiology of
human infections caused by Y. pseudotuberculosis.

We used six tests for virulence factors: autoagglutination,
calcium dependency, lethality in mice, HeLa cell invasion,
HeLa cell cytotoxicity, and ST production. The results
indicate that these tests, except for HeLa cell invasion and
ST production, are useful in obtaining reproducible results
for assessing virulence potential. These four virulence fac-
tors seem to be closely related. Nevertheless, it seems
desirable to run more than two virulence tests.

Plasmids of 42 to 48 MDa which were associated with the
above-mentioned virulence factors produced similar results
in the DNA restriction analysis. This fact suggests that
restriction endonuclease fingerprinting may be a reliable
indicator of the virulence of Y. pseudotuberculosis. We also
believe that detection of the three common BamHI restric-
tion fragments (Fig. 2) of the calcium dependence region is
useful for selecting potentially virulent strains. Further stud-
ies with additional strains of Y. pseudotuberculosis are
needed to establish the usefulness of these fragments as
indicators of the virulence of Y. pseudotuberculosis.
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