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Yersinia enterocolitica is an important human pathogen
which causes a variety of disorders, ranging from nonspecific
diarrhea to invasive disease such as mesenteric lymphadenitis,
hepatosplenic abscesses, and septicemia (5, 10, 37). The heterogenous nature of Y. enterocolitica, including differences in
virulence, has led to the division of the species into subgroups
based upon biochemical behavior and lipopolysaccharide O
antigens (5, 37). At present, six biotypes are recognized, of
which biotype 1B and biotypes 2 through 5 are regarded as
including primary pathogens (5, 22, 26, 37, 40). The primary
pathogenic strains of Y. enterocolitica are recognized in part by
their ability to invade tissue culture cells in large numbers (7,
27, 29, 35). Genes which contribute this ability include the inv
and ail genes on the bacterial chromosome and yadA, which is
borne on a ca. 70-kb virulence plasmid known as pYV (4, 7,
27). Interestingly, however, other pYV-borne genes impede
bacterial penetration of epithelial cells and macrophages, with
the result that Y. enterocolitica is located extracellularly in
infected animals (9, 15). Chromosomal genes other than inv
and ail which may also contribute to virulence include yst (also
known as ystA), which encodes a heat-stable enterotoxin (YSTa), myf, which encodes the production of fibrillae (Myf), and
the urease gene complex (11, 12, 21).
Biotype-1A strains of Y. enterocolitica, which generally are

considered to be avirulent, are highly heterogenous, and include a large number of O serogroups (5, 37). They occur
throughout the world in a wide range of environments and
generally lack the genotypic and phenotypic markers associated with virulence of classical invasive strains of Y. enterocolitica, such as pYV, ail, myf, ystA, or a functional inv gene (12,
21, 28, 35, 40, 41, 45). Moreover, biotype-1A strains of environmental origin do not colonize the gastrointestinal tracts of
experimentally inoculated animals (33, 42, 48). Despite these
observations, some biotype-1A strains have been implicated as
a cause of gastrointestinal disease. For example, a nosocomial
outbreak of gastroenteritis in Canada involving nine patients
was attributed to a strain of Y. enterocolitica biotype 1A, serogroup O:5 (36). In several countries, moreover, including Australia, Canada, The Netherlands, New Zealand, the Republic
of Georgia, South Africa, Switzerland, and the United States
of America, a significant proportion of Y. enterocolitica isolates
obtained from patients with diarrhea belong to biotype 1A (3,
6, 17, 32, 34, 39, 46, 47). In addition, a prospective case control
study with Chilean children showed that biotype-1A strains
were significantly associated with diarrhea (30), and a clinical
study in Switzerland demonstrated that the illness associated
with biotype-1A strains of Y. enterocolitica was indistinguishable from that due to classical virulent biotypes (6).
If biotype-1A strains of Y. enterocolitica are able to cause
disease, their pathogenic mechanisms are not clear because
they lack the well-established virulence markers of primary
pathogenic strains of Y. enterocolitica. Some Y. enterocolitica
strains produce variants of YST-a, known as YST-b and YST-c
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Yersinia enterocolitica is an important enteric pathogen which has well-defined virulence determinants that
allow the bacteria to become established in their hosts and overcome host defenses. A number of strains
obtained from patients with diarrhea, however, lack these genes. Accordingly, the mechanisms by which they
cause disease are uncertain. Most of these isolates belong to biotype 1A. Strains of this biotype are also
frequently isolated from a variety of nonclinical sources, such as food, soil, water, and healthy animals, and
there is evidence that some of these strains are avirulent. In this study we investigated 111 strains of Y.
enterocolitica biotype 1A, 79 from symptomatic humans and 32 from nonclinical sources, for virulence-associated characteristics. DNA hybridization studies showed that none of the strains carried sequences homologous
with pYV, the ;70-kb Yersinia virulence plasmid. Some strains hybridized with DNA probes for one of the
following chromosomal virulence-associated genes: ail (7.2%), myfA (11.7%), ystA (0.9%), and ystB (85%). In
addition, 33 strains (29.7%) produced an enterotoxin that was reactive in infant mice. However, the frequencies
of these virulence-associated properties in clinical and nonclinical isolates were similar. Clinical isolates
invaded HEp-2 cells and Chinese hamster ovary cells to a significantly greater extent than nonclinical strains
(P < 0.002). In addition, clinical strains colonized the intestinal tracts of perorally inoculated mice for
significantly longer periods than nonclinical isolates (P < 0.01). Light and electron microscopic examination
of tissue culture cells incubated with invasive yersiniae revealed that the bacteria invaded selected cells in large
numbers but spared others, suggesting that biotype-1A strains of Y. enterocolitica may invade cells by a novel
mechanism. These results indicate that some clinical isolates of Y. enterocolitica which lack classical virulence
markers may be able to cause disease via virulence mechanisms which differ from those previously characterized in enteropathogenic Yersinia species.
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MATERIALS AND METHODS
Bacteria. One hundred eleven strains of Y. enterocolitica biotype 1A, isolated
from diverse sources in widespread geographic areas, were provided by a number
of investigators and selected from our culture collection to represent a variety of
serogroups. Seventy-nine strains were obtained from the feces of humans who
displayed symptoms consistent with intestinal yersiniosis. Twenty-four strains
were of food or environmental origin; of these, 9 were from milk, 10 were from
other foods (predominantly vegetables), 3 were from water, 1 was from soil, and
1 was from hay. Another eight strains were isolated from animals which did not
exhibit any clinical evidence of infection. In this report, bacteria isolated from
food or environmental sources and from healthy animals are collectively referred
to as nonclinical strains, whereas isolates from symptomatic humans are designated clinical strains. All bacteria were maintained at 270°C in brain heart
infusion (BHI) broth (Oxoid, Basingstoke, Hampshire, England) containing 30%
glycerol. Before testing, their identity was confirmed as Y. enterocolitica biotype
1A by standard biochemical techniques (2, 51).
Two invasive strains of Y. enterocolitica, A2635 (biotype 1B, serogroup O:8)
and W22703c (biotype 2, serogroup O:9), were used as controls (40). Both of
these strains carry the inv, ail, and ystA genes. In addition, A2635 carries pYV,
while W22703c does not. Y. enterocolitica JP273 and YE2v, which carry mutations in the inv and ail genes, respectively (27), were obtained from V. L. Miller,
Washington University, St. Louis, Mo., who derived them from Y. enterocolitica
8081 (biotype 1B, serogroup O:8). pYV-cured derivatives of these strains, referred to as JP273c and YE2c, respectively, were obtained by passaging the
bacteria three times on BHI agar containing 20 mM sodium oxalate and 20 mM
MgCl2 at 37°C (18). Escherichia coli HB101(pVM101) and E. coli
HB101(pVM103), which express the inv and ail genes of Y. enterocolitica, respectively, were also provided by V. L. Miller. For all studies, strains of Y.
enterocolitica were grown on BHI agar or in BHI broth at 28°C, whereas E. coli
strains were grown in the same media at 37°C.
DNA methods and plasmids. DNA extractions, restriction enzyme digestions,
ligations, and transformations into E. coli were performed by standard techniques (1, 43). DNA probes for pYV, ail, inv, and ystA were prepared and used
to examine colony blots of the test bacteria at high stringency as described
previously (40, 41). Oligonucleotide DNA probes for the ystB and ystC variants
of the ystA gene were designed to correspond to the variable regions of the
respective genes. The ystB probe was 59-ACTCAGACCCCATCGCCTTCAGA
A-39, corresponding to nucleotides 232 to 255 of the ystB gene (GenBank accession no. D88145), whereas the ystC probe was 59-GTTGGTGATGTATCATCG
TCAACAATAGCT-39, corresponding to nucleotides 79 to 108 of the published
sequence (20). Oligonucleotide probes were end labeled with [g-32P]dATP (DuPont, New York, N.Y.) by using T4 polynucleotide kinase (Pharmacia, Uppsala,
Sweden). A DNA probe for myfA was prepared by PCR amplification of a 280-bp
fragment of myfA from strain W22703c using the primers and conditions described previously (21). The resultant fragment was cloned into the SmaI site of
pBluescript (SK2; Stratagene, La Jolla, Calif.) to create the plasmid pMyf2.
Sequence analysis confirmed that pMyf2 contained the PCR product derived
from myfA. The myfA gene probe was then prepared by digesting pMyf2 with
EcoRV and BamHI, purifying the 280-bp fragment, and labeling it with
[a-32P]dATP (DuPont) by random priming (16). The ymoA gene was sought in
20 biotype-1A isolates (10 clinical and 10 nonclinical) by performing PCR on 1
ml of an overnight culture of each test strain that had been resuspended in
distilled water and boiled for 5 min. DNA was amplified by using AmpliTaq
DNA polymerase (Roche, Branchburg, N.J.) and primers ymoA-C (59-GACTT
TTCTCAGGGGAATAC-39) and ymoA-D (59-GCTCAACGTTGTGTGTCT39) under the following conditions: 94°C for 60 s (melting), 50°C for 60 s (annealing), and 72°C for 60 s (extension), repeated for 35 cycles.
Assay for mouse-reactive enterotoxin. The ability of bacteria to produce enterotoxin was assessed in infant mice as described previously (41). Briefly, bac-

teria were cultured with shaking in Trypticase soy broth (BBL, Cockeysville,
Md.) containing 0.6% (wt/vol) yeast extract (Oxoid) at 28°C for 48 h. Bacterial
cells were removed by centrifugation, and 0.1 ml of the supernatant was administered by gavage to 2- to 3-day-old BALB/c mice in groups of three. After 2 h,
mice were killed and the mean ratio of intestinal weight to the remaining body
weight was determined. Ratios greater than 0.09 were considered indicative of
enterotoxin production.
Bacterial adhesion to and invasion of tissue culture cells. Quantitative assays
of bacterial adhesion to and invasion of tissue culture cells were performed as
described previously (38). Briefly, HEp-2 (human pharyngeal epithelial) cells
were cultured until almost confluent in 24-mm-diameter plastic wells (Nunc,
Roskilde, Denmark) containing minimal Eagle’s medium (MEM) supplemented
with 5% heat-inactivated (at 56°C for 30 min) fetal calf serum (CSL, Melbourne,
Victoria, Australia) and 20 mM HEPES (Boehringer, Mannheim, Germany).
Chinese hamster ovary (CHO) cells were cultured in a-MEM containing 10%
heat-inactivated fetal calf serum, 2 mM glutamine, and 20 mM HEPES. Twenty
million CFU of each test strain was incubated for 3 h with tissue culture cells,
which were then washed three times with phosphate-buffered saline (PBS) to
remove nonadherent bacteria. For the adhesion assay, cells were immediately
lysed with 0.1% digitonin (Sigma, St. Louis, Mo.) and the number of cellassociated bacteria was determined on agar plates (38). For the invasion assay,
cells were incubated for a further 90 min in tissue culture medium containing 100
mg of gentamicin/ml, after which the gentamicin was removed by two washes with
PBS. Tissue culture cells were then lysed with digitonin, and the number of
intracellular bacteria was determined as described above. In a modification of the
above assay, designed to determine the extent to which bacteria replicated in
tissue culture cells, medium containing 100 mg of gentamicin/ml was replaced
with medium containing 10 mg of gentamicin/ml, after which the bacteria and
tissue culture cells were incubated for a further 18 h. Tissue culture cells were
then lysed with digitonin, and the bacteria were counted as described above.
Microscopic examination of bacterium-cell interactions. For transmission
electron microscopy (TEM), HEp-2 or CHO cells were grown to approximately
80% confluency in 50-mm-diameter plastic petri dishes (Becton Dickinson, Plymouth, England), after which 108 bacteria were incubated with the tissue culture
cells for 3 h at 37°C. The cells were then washed three times with PBS to remove
nonadherent bacteria and were fixed in 2.5% glutaraldehyde for 1 h. After
further washing, the cell monolayer was scraped off with a rubber policeman.
Cells were then centrifuged to form a pellet, which was postfixed in 2.5% osmium
tetroxide for 1 h, dehydrated through a graded acetone series, and embedded in
Epon-araldite epoxy resin. Thin sections were cut and stained with 10% uranyl
acetate and 2.5% lead citrate before viewing under a Philips CM12 electron
microscope at 60 kV.
For light microscopic examination, 2 3 107 CFU was incubated at 37°C for 3 h
with HEp-2 or CHO cells cultured on glass coverslips (50). Nonadherent bacteria
were removed by three washes with PBS, and the cells were fixed with 100%
methanol for 10 min. Cells were then stained with Giemsa stain (BDH, Dorset,
England) and viewed by light microscopy.
Colonization of mice with Y. enterocolitica. Six-week-old BALB/c mice were
inoculated by gavage with 100 ml of a 10% solution of sodium bicarbonate,
followed 30 min later by approximately 109 CFU of a test strain suspended in 200
ml of PBS. For each bacterial strain, three mice infected with the strain were
killed by CO2 inhalation on days 2, 3, 4, 7, 10, 15, and 23 after inoculation.
Portions of ileum, cecum, colon, mesenteric lymph node, liver, spleen, and
femoral bone marrow were removed aseptically from each animal. Each sample
was then weighed and diluted 1/10 (wt/vol) in PBS. The samples were then
homogenized with a Polytron homogenizer (Kinematica, Lucerne, Switzerland),
and the number of viable bacteria was determined on duplicate Yersinia selective
agar plates (CIN; Oxoid).
Statistical analysis. Data were analyzed by the Mann-Whitney test (twotailed), the log-rank test, or Fisher’s exact test as appropriate. A critical P value
of 0.05 was used for all analyses.

RESULTS
Examination of biotype-1A strains for virulence-associated
genes of Yersinia species. Although all 111 strains of Y. enterocolitica biotype 1A hybridized with the DNA probe prepared
from the inv gene of Y. enterocolitica, thus confirming their
identity as Yersinia species (40), no strain was recognized by
probes prepared from pYV. Eight strains, four of human origin
and four nonclinical isolates, were recognized by the probe for
the ail gene (Table 1). Six of these strains (two clinical and four
nonclinical) showed weak hybridization compared to the positive control. The myfA probe hybridized with 13 strains, 11 of
which were isolated from humans and 2 of which were nonclinical. Sequences homologous to ystA were detected in only
one strain—a clinical isolate. By contrast, 95 (85.6%) strains
were recognized by the ystB probe, 69 of which were clinical
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(20, 52, 53), but their prevalence and contribution to disease
are not known. In addition, a biotype-1A strain of serogroup
O:6 was reported to produce a novel heat-stable enterotoxin,
termed YST-II. This toxin differs from YST-a in a number of
respects, including its mechanism of action, which does not
appear to involve activation of guanylate cyclase (41). Other
putative virulence determinants in this or other biotype-1A
strains have not been investigated or reported.
As biotype-1A strains of Y. enterocolitica are so heterogenous and occupy such a diverse range of environmental niches,
we hypothesized that there may be a subset of these bacteria
which are capable of causing disease but which lack the classical virulence markers of Yersinia species and therefore cannot be identified by assays for these markers. The aim of this
study was to test this hypothesis by examining a collection of
biotype-1A strains of clinical and nonclinical origins for virulence-associated determinants.
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TABLE 1. Prevalence of virulence-associated genes of
Y. enterocolitica and enterotoxin activity in Y. enterocolitica strains of
biotype 1A
No. of strains positive for:
Origin (n)

Clinicalc (79)
Nonclinical (32)

pYVa

aila

myfAa

ystAa

ystBa

ystCa

Enterotoxin
activityb

0
0

4
4

11
2

1
0

69
26

0
0

20
13

a

Determined by DNA hybridization.
Measured in suckling mice.
Differences between clinical and nonclinical isolates are not significant (P .
0.05 by Fisher’s exact test).
b
c

To determine if environmental factors influenced invasive capacity, we repeated the assay after growing the bacteria at 28 or
37°C, under aerobic or anaerobic conditions, and in MEM
tissue culture medium, but none of these treatments significantly altered their invasive ability (data not shown). Consequently, we examined 10 clinical and 10 nonclinical isolates
(the same strains investigated for the presence of ymoA) for
their ability to invade CHO cells. The numbers of bacteria in
the two groups of strains which adhered to CHO cells were
similar (P 5 0.14 by the Mann-Whitney test) (Fig. 1C) but
approximately 50-fold less than the number which adhered to
HEp-2 cells. Despite their relatively poor adherence, however,
clinical isolates invaded CHO cells in numbers 10- to 100-fold
greater than those which penetrated HEp-2 cells (Fig. 1D).
The bacteria recovered from these cells ranged between 0.15
and 1.1% of the original inoculum for clinical strains and
between 0.02 and 0.5% for nonclinical isolates (P , 0.001)
(Fig. 1D). By comparison, the control strains, W22703c and
8081c, invaded CHO cells efficiently, with 21 and 29% of the
original inoculum recovered, respectively (data not shown).
Isolates which possessed sequences homologous to ail or myfA
did not invade HEp-2 or CHO cells more efficiently than those
which lacked these sequences (data not shown).
Microscopic examination of epithelial cells. The interaction
of Y. enterocolitica biotype-1A strains with HEp-2 and CHO
cells was investigated by TEM and by light microscopy. TEM
examination of HEp-2 cells inoculated with 10 different biotype-1A strains revealed bacteria loosely associated with the
tissue culture cells (data not shown). Although occasional bacteria were identified within some HEp-2 cells, cells containing
more than two bacteria were rarely observed and the vast
majority of cells were uninfected (data not shown). Light microscopic examination of these cells showed that the bacteria
did not exhibit any characteristic pattern of adherence analogous to the diffuse, localized, or aggregative phenotypes of
some strains of diarrheagenic E. coli (31).
TEM examination of CHO cells incubated with Y. enterocolitica 937 (biotype 1A, serogroup O:6) revealed that some cells
contained 20 to 30 internalized bacteria, although most cells
were not infected (Fig. 2A). The impression that the majority
of cells were not infected was verified by examination of serial
sections above and below that shown in Fig. 2A. Some intracellular bacteria appeared to be replicating. This suspicion was
confirmed by quantitative culture of internalized bacteria in
CHO cells which had been incubated for various times in
medium containing gentamicin (Table 2). Gentamicin was
used because it kills extracellular (but not internalized) bacteria and hence would prevent any bacteria which may have
escaped from the tissue culture cells during the course of the
assay from reentering these cells (19).
To determine if this pattern of invasion of CHO cells is a
characteristic of other biotype 1A strains, three clinical isolates
(Y. enterocolitica AC12 [serogroup O:6,30], T83 [serogroup
O:5], and 61525 [serogroup O:6,30]) and the two most invasive
nonclinical isolates, CIDC 2064 (potato [serogroup O:5]) and
CIDC 7134 (hay [serogroup O:6,31]), were chosen for further
investigation by TEM. The results of these studies showed that
these bacteria invaded CHO cells in a manner similar to that of
strain 937. By contrast, CHO cells infected with poorly invasive
biotype-1A strains of nonclinical origin, including two milk
isolates, Y. enterocolitica AM5 (serogroup O:6) (Fig. 2B) and
Y. enterocolitica AM8 (serogroup O:13,15), and two water isolates, IP2222 (serogroup O:36) and Eco88 (serogroup O:29),
revealed no more than two bacteria per cell, with the great
majority of cells being uninfected.
The patterns of adhesion and invasion of biotype-1A Y.
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isolates, and 26 of which were nonclinical. No strain was recognized by the ystC probe. The differences in the frequency of
carriage of virulence-associated genes by clinical and nonclinical isolates were not significant (Table 1). All 20 biotype-1A
strains (10 clinical and 10 nonclinical) examined for ymoA by
PCR yielded a product of the expected size and nucleotide
sequence, suggesting that the ymoA gene occurs in all Y. enterocolitica strains regardless of potential virulence.
Production of enterotoxin. In an earlier study, we showed
that a clinical isolate of Y. enterocolitica biotype 1A produced
a novel enterotoxin, which we termed YST-II (41). To determine if the ability to produce enterotoxin is a feature of clinical
isolates of biotype-1A strains in general, we examined culture
supernatants of Y. enterocolitica biotype-1A strains for enterotoxin(s) that was reactive in infant mice. Positive results were
obtained with 20 of 79 clinical isolates and with 13 of 32 strains
isolated from other sources (P 5 0.17 by two-tailed Fisher’s
exact test) (Table 1). Although none of these strains hybridized
with the ystA or ystC gene probe, 27 (17 clinical and 10 nonclinical) hybridized with the ystB probe, suggesting that YST-b
may contribute to the enterotoxigenicity of these bacteria. Six
enterotoxin-secreting strains (three clinical and three nonclinical) were not recognized by the probes for ystA, ystB, or ystC,
suggesting that these bacteria may produce an unidentified
enterotoxin. Since YST-II has not been purified and the gene
encoding its production has not been identified, we were unable to determine if the enterotoxigenicity of these bacteria
was due to the presence of YST-II or to that of another, as yet
uncharacterized, enterotoxin.
Adherence to and invasion of tissue culture cells. The ability
of Y. enterocolitica to invade epithelial cells is an important
correlate of virulence (28, 44). One reason that strains of
biotype 1A are generally regarded as avirulent is that they
invade tissue culture cells to a lesser extent than Y. enterocolitica strains of virulent biotypes (25, 44). In this study, we
investigated biotype-1A strains of clinical and nonclinical origins to determine if they differed in terms of their ability to
adhere to or invade cultured epithelial cells.
Thirty-seven strains, twenty-five of clinical origin and twelve
from other sources, were examined in a quantitative assay of
adherence to HEp-2 cells (38). Most strains in the two groups
adhered in large numbers, and there was no significant difference between strains of clinical and nonclinical origins (P 5
0.31 by two-tailed Mann-Whitney test) (Fig. 1A).
Despite their high levels of adhesion, strains of biotype 1A
invaded HEp-2 cells relatively poorly, with less than 0.05% of
the original inoculum recovered (Fig. 1B). In contrast, the
control strains, W22703c and 8081c, exhibited levels of invasion of 15 and 21% respectively. Interestingly, however, clinical
isolates of biotype 1A penetrated HEp-2 cells to a significantly
greater extent than nonclinical isolates (P 5 0.002) (Fig. 1B).
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enterocolitica were compared with those of strains W22703c
and 8081c, which bear classical chromosomally encoded virulence markers but were cured of pYV. Although both of these
strains lack the plasmid-encoded adhesin YadA, they adhered
strongly to and invaded CHO cells with a more even distribution than that observed with biotype-1A yersiniae (Fig. 2C). To
determine if the difference in the patterns of adhesion and
invasion between biotype-1A yersiniae and other biotypes was
due to invasin or Ail, Y. enterocolitica JP273c (Inv2) and YE2c
(Ail2) and E. coli HB101(pVM101) (Inv1) and HB101
(pVM103) (Ail1) were investigated in the CHO cell assay and
examined by TEM. These studies showed that the Y. enterocolitica mutants and E. coli strains all displayed a far more even
distribution of host cells invaded than invasive strains of biotype 1A (data not shown). To confirm the observation that
invasive strains of yersiniae biotype 1A invade only some CHO
cells, we repeated the assay with CHO cells grown on glass
coverslips. Light-microscopic examination of these cells confirmed that invasive strains of biotype 1A examined by TEM
adhered to and/or invaded selected CHO cells, while sparing
the majority (Fig. 3A). This pattern of adherence and invasion
was not observed with poorly invasive strains of environmental
origin (Fig. 3B) or with the control strain W22703c (serogroup
O:9, biotype 2) (Fig. 3C).
Colonization of mice by Y. enterocolitica biotype 1A. To investigate the ability of biotype-1A Y. enterocolitica to colonize
the gastrointestinal tracts of mice, two clinical isolates, Y. en-

terocolitica 937 and 61525, and two which were not of clinical
origin, Y. enterocolitica AM5 and IP2222, were administered
perorally to adult BALB/c mice, which were then examined for
the presence of the bacteria in the small and large intestines
and in selected abdominal organs. The results showed that,
compared with nonclinical strains, bacteria of clinical origin
were detected for longer periods in the ileum (median, 5.5
versus 2.5 days; P 5 0.003 by the log-rank test), cecum (7
versus 2 days; P 5 0.01), and colon (10 versus 4 days; P 5
0.003) in infected mice (Fig. 4). None of the strains tested was
detected in the liver, spleen, or bone marrow at any time after
infection, although Y. enterocolitica 937 and the control strain,
W22703c, were cultured from mesenteric lymph nodes on the
2nd and 3rd days, respectively (data not shown).
DISCUSSION
Although biotype-1A Y. enterocolitica strains were once regarded as avirulent, the findings of several clinical and epidemiological studies suggest that these bacteria produce gastrointestinal symptoms similar to those caused by pYV-bearing
strains of biotypes 1B and 2 through 5 (6, 30). Despite this
evidence of pathogenicity, however, there are few reported
studies of the pathogenic properties of biotype-1A yersiniae.
The aim of this investigation was to identify virulence-associated markers of these bacteria.
To achieve this, we compared the virulence-associated char-
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FIG. 1. Abilities of clinical and nonclinical strains of Y. enterocolitica biotype 1A to adhere to (A) and invade (B) HEp-2 cells and to adhere to (C) and invade (D)
CHO cells. Approximately 107 CFU was incubated with epithelial cells for 3 h before nonadherent bacteria were removed by three washes. To determine the number
of adhesive bacteria, some epithelial cells were lysed and the cell-associated bacteria were enumerated. To determine the number of intracellular bacteria, other
epithelial cells were incubated in fresh tissue culture medium containing 100 mg of gentamicin/ml for 90 min before epithelial cells were lysed and bacteria were
enumerated. Data are expressed as percentages of the original inoculum and are means from at least two separate experiments using duplicate wells. In the
box-and-whisker plots, the horizontal line within the box is the median value, the limits of the box are the 10th and 90th percentiles, and the whiskers are the 5th and
95th percentiles. The difference in adhesion between the two groups of isolates is not significant (P 5 0.3 for HEp-2 cells and P 5 0.14 for CHO cells by the
Mann-Whitney test). The difference in invasion between the two groups of isolates is significant (P 5 0.002 for HEp-2 cells and P , 0.001 for CHO cells).
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TABLE 2. Effect of prolonged incubation on the number of
internalized bacteria recovered from CHO cellsa
Strain
Y. enterocolitica
W22703c
937
T83
AM5
IP2222
E. coli HB101

Biotype

2
1A
1A
1A
1A

Origin

Clinical
Clinical
Clinical
Nonclinical
Nonclinical

Internalized bacteriab
after:

Fold
increasec

4.5 h

22.5 h

22.5 6 7.4
0.24 6 0.11
0.38 6 0.11
0.03 6 0.01
0.03 6 0.02

25.5 6 2.2
1.0 6 0.60
1.33 6 0.06
0.11 6 0.08
0.21 6 0.14

1.1
4.3
3.5
4.3
6.1

0.01 6 0.01

0.01 6 0.02

1.5

a

FIG. 2. TEM of CHO cells incubated for 3 h with representative strains of Y.
enterocolitica: 937 (biotype 1A, invasive) (A), AM5 (biotype 1A, noninvasive)
(B), and W22703c (biotype 2, invasive) (C). Findings similar to those illustrated
in panels A and B were observed with eight other strains of Y. enterocolitica
biotype 1A, five invasive and three noninvasive. Bar 5 1 mm.

acteristics of 79 biotype-1A isolates from symptomatic humans
with those of 32 strains obtained from healthy animals, food,
and the environment. The hypothesis underlying this approach
was that biotype-1A strains of Y. enterocolitica may differ in

pathogenicity, with clinical isolates more likely to display virulence-associated properties than bacteria obtained from other
sources. In choosing the strains for this study, we took care to
ensure that the bacteria came from a variety of sources and
represented a wide range of serogroups.
In agreement with previous studies, we found that strains of
biotype 1A did not carry pYV and possessed other classical
Yersinia virulence factors only infrequently (13, 40). A possible
exception to this was YST-b, which was detected by DNA
hybridization in 85% of clinical and nonclinical strains. However, the frequencies of YST-b in clinical and nonclinical isolates were similar (P . 0.2). Moreover, the role of this toxin in
the pathogenicity of Y. enterocolitica in general is unproven.
Some strains possessed sequences homologous to ail and
myfA, which previously were considered to be restricted to
highly invasive strains (21, 28, 40). The presence of these sequences was not associated with increased adhesion or invasion in vitro, however, suggesting that these genes may not be
expressed in these bacteria, as is the case with inv (35, 40). The
general lack of classical virulence genes in biotype-1A strains
of Y. enterocolitica indicates clear differences between the virulence mechanisms of these bacteria and those of Y. enterocolitica strains of other biotypes.
The key novel finding of the present study was that biotype-1A strains of clinical origin invaded epithelial cells, especially CHO cells, in significantly greater numbers than bacteria
obtained from other sources (Fig. 1). The finding that biotype-1A Y. enterocolitica invaded CHO cells more efficiently
than HEp-2 cells is reminiscent of invasion mediated by Ail
(27), but there was no correlation between invasive capacity
and the presence of ail-homologous sequences, suggesting that
biotype-1A yersiniae penetrate cells by a novel mechanism. In
keeping with published observations (25, 44), biotype-1A
yersiniae invaded tissue culture cells, including CHO and other
polarized epithelial-cell lines, such as CaCo-2 and T84 cells
(data not shown), less efficiently than the plasmidless biotype-2
strain W22703c. However, as classical pathogenic strains of Y.
enterocolitica carry pYV, the products of which impede bacterial invasion of epithelial cells, these bacteria remain extracellular in host tissues (9, 15). Thus, it is conceivable that in
infected tissues, more biotype-1A yersiniae (which never carry
pYV) are located intracellularly than are classical pathogenic
strains. The finding that individual isolates in the clinical and
nonclinical groups overlapped in terms of their invasive capacities was not surprising, given that some clinical isolates
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This experiment was performed as described in Materials and Methods,
“Bacterial adhesion to and invasion of tissue culture cells.” The counts at 4.5 and
22.5 h measured invasion of and replication in tissue culture cells, respectively.
b
Percent of original inoculum; mean 6 standard deviation from three independent determinations.
c
Calculated from raw data.
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may be nonpathogens which were obtained from patients
whose symptoms were attributable to another cause and that
some strains isolated from nonclinical sources were pathogens,
given that the source of such bacteria is likely to be food, milk,
water, or domestic animals (37).
The mechanisms which strains of biotype 1A used to invade

FIG. 4. Colonization of BALB/c mice by strains of Y. enterocolitica. Mice
were inoculated by gavage with one of four strains of biotype-1A Y. enterocolitica,
namely, clinical isolate 61525 (F) or 937 (■) or nonclinical isolate IP2222 (E) or
AM5 (h). Each point represents the mean CFU obtained from the ilea (A), ceca
(B), or colons (C) of three mice at the times indicated after inoculation. The
duration of colonization by clinical isolates in all three sites was significantly
longer than that for the nonclinical strains (P # 0.01).

epithelial cells is not known. The observation that bacteria
penetrated selected tissue culture cells within a monolayer,
while sparing others, suggests that biotype-1A strains invade
cells by a novel process. The alternative hypothesis that clinical
strains replicated more rapidly within the cells they had penetrated than nonclinical strains was discounted by the demonstration that strains 937 and T83 (clinical) and strains AM5 and
IP2222 (nonclinical), which exhibited two distinct patterns of
invasion (Fig. 2 and 3), grew at comparable rates within CHO
cells they had invaded (Table 2). Interestingly, however, all
four biotype-1A strains replicated more efficiently in CHO
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FIG. 3. CHO cells incubated for 3 h with representative strains of Y. enterocolitica: 937 (biotype 1A, invasive) (A), AM5 (biotype 1A, noninvasive) (B), and
W22703c (biotype 2, invasive) (C). Large numbers of strain 937 are associated
with groups of five or more CHO cells, whereas only a few bacteria (arrows) of
strain AM5 are associated with these cells. Strain W22703c demonstrates a more
even pattern of association with the CHO cells. Findings similar to those illustrated in panels A and B were observed with eight other strains of Y. enterocolitica biotype 1A, five invasive and three noninvasive. Giemsa stain was used.
Bar 5 5 mm.
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cells than the highly invasive biotype-2 strain or the E. coli
control (Table 2). This observation points to another feature of
biotype-1A strains which could be explored as a means to
elucidate their virulence mechanisms.
The tendency for bacteria to associate with selected cells
could be due to the presence of specific receptors at certain
phases of the cell cycle, as has been suggested for E. coli,
Clostridium difficile, and Listeria monocytogenes (14, 23, 24, 49).
It is possible that invasion is not a virulence determinant of
these bacteria but simply an in vitro marker of virulent strains.
However, the capacity of biotype-1A yersiniae to penetrate
tissue culture cells corresponded with an ability to colonize the
intestinal tracts of orally inoculated mice. These two properties
are likely to be linked, because bacteria which penetrate the
intestinal epithelium would persist in the intestinal tract for
longer periods than less-invasive strains. Studies to examine
the invasive capacity of biotype-1A strains in vivo are currently
in progress.
We previously suggested that the ability of biotype-1A Y.
enterocolitica to cause diarrhea may be linked to its ability to
produce the heat-stable enterotoxin YST-II (41). In this study,
however, we found that only some of the clinical isolates we
studied produced a mouse-reactive enterotoxin and that the
proportions of enterotoxigenic bacteria were similar among
clinical and nonclinical isolates. Interpretation of these findings is complicated by the facts that Y. enterocolitica seems
capable of producing a variety of mouse-reactive enterotoxins,
including YST-a, YST-b, YST-c, and YST-II, and that carriage
of a yst gene does not invariably correspond to the presence of
the toxin in culture supernatants. This may be because the
genes are not functional or because their expression is reduced
in vitro, possibly by ymoA, which modulates expression of the
ystA gene in classical pathogenic strains of Y. enterocolitica (8).
The finding that six toxin-secreting strains did not hybridize
with any of the probes for YST-a, YST-b, or YST-c, suggests
that these bacteria may produce an alternative toxin(s), possibly YST-II. This matter should be clarified when a probe for
YST-II becomes available.
In conclusion, we have shown that Y. enterocolitica strains of
biotype 1A associated with disease are able to invade epithelial
cells and to colonize the intestines of mice. The mechanism by
which these bacteria cause diarrhea is uncertain but may be
due to the production of enterotoxin or of other, as yet unknown, virulence determinants. Current work in our laboratory
is directed towards identifying these determinants.
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