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FIG. 2. Electron micrographs of invasion assays with HEp-2 cells. (A, B, C) HEp-2 cells infected with HB101(pVM102) (magnifications:
A, X11,000; B, x34,000; C, x27,000). (D) HEp-2 cells infected with 8081c (magnification, x8,200). Some of the coated pitlike structures are

indicated (A). The bar in each panel represents approximately 1 wm.

indicates that the invasive phenotype of HB101(pVM102) is
a specific property of this recombinant strain and not a
manifestation of simple adhesion.

Localization of the invasion locus of pYM102. Insertions of
transposon Tn5 into pVM102 DNA were isolated and char-
acterized to localize the gene(s) involved in the invasion
promoted by this plasmid (Fig. 1B). Independent TnS inser-
tions were mapped, and their invasive phenotypes were
determined. Six insertions that eliminated invasion were
clustered to the right of the unique Clal site. Insertion
mutants defective for invasion were found only in this
region, suggesting that there is only one region on this
plasmid that is responsible for both adherence and invasion.
There are only approximately 650 base pairs between the
Inv™ insertions flanking the Inv~ insertions, suggesting that

this region contains a very small gene(s). We have desig-
nated this region ail for attachment-invasion locus.
Invasion of other tissue culture cell lines. We were curious
about the role that the ail gene(s) plays in Y. enterocolitica.
One possibility is that it defines target cell types other than
those defined by inv, thus giving Y. enterocolitica a different
range of target host cells than might result from the presence
of inv alone. To test this hypothesis, we examined invasion
by HB101 carrying either of the cloned Y. enterocolitica
invasion loci, inv or ail, in several cell lines (Table 3). All cell
lines were invaded by Y. enterocolitica 8081c, although to
various degrees. Plasmid pVM101 promoted only a low level
of invasion of MDCK cells by HB101. Plasmid pVM101
caused HB101 to invade all tested cell lines, except the
MDCK cells, at a relatively high level. HB101(pVM102)
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TABLE 2. Effect of adhesion on invasion®

E. coli strain % Invasion Adhesin type
HB101(pBR322) 0.015 =0 —*
HB101(pVM102) 0.770 = 0.03 —
HB101(pSH2) 0.067 = 0.001 Type 1 pilus
HB101(pPAPS) 0.020 = 0 PAP pilus
HB101(pIL14) 0.007 = 0.001 X-adhesin

@ Strains were used to infect a monolayer of HEp-2 tissue culture cells as
described in Materials and Methods. Values are the averages of duplicate
samples, with the ranges indicated, and reflect similar results from several
experiments.

b __, Not known.

invaded the tested cell lines to different degrees. The recom-
binant strain HB101(pVM102) did not invade MDCK cells,
invaded HEp-2 and HEC1B cells at a low level, and invaded
CHO cells at a high level. This suggests that cell lines may
vary in their capacity to phagocytize bound bacteria and that
this variability can be specific to the invasion factor ex-
pressed by the bacteria.

The total number of cell-associated bacteria, both at-
tached and intracellular, was also determined (Table 4).
Although HB101(pVM102) invaded HEp-2 cells at only a
low level, it bound to HEp-2 cells as well as if not better than
it did to CHO cells and to a slightly higher degree to both
these cell lines than did HB101(pVM101) (Table 4). Indeed,
there is no correlation between number of bacteria bound
and number of bacteria internalized, suggesting that the
interaction of these bacteria with tissue culture cells that
leads to internalization involves more than just attachment
to the cell surface.

DISCUSSION

As with many other bacterial pathogens, Y. enterocolitica
carries a high-molecular-weight plasmid (40 to 48 megadal-
tons) that is required for virulence in animal models (6, 19)
and, presumably, in humans. However, there are several
lines of evidence to suggest that chromosomal genes are also
required for virulence. Isberg et al. have clearly demon-
strated that an invasion gene of Y. pseudotuberculosis is
chromosomally located and that this gene is required for
efficient invasion in vitro (10, 10a). In addition, Heesemann
et al. (8) have found that several phenotypes which correlate
with virulence, such as Congo red binding and HEp-2 cell
invasion, are not plasmid mediated. Other reports have also
indicated that epithelial-cell invasion by Y. enterocolitica is
at least in part chromosomally encoded (19, 20, 27). In
keeping with these observations, we were able to clone
chromosomal DNA from Y. enterocolitica 8081c into E. coli
HB101 and thereby confer an invasion phenotype on the
latter. We found that two chromosomal loci can indepen-
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dently enable HB101 to invade tissue culture cells. To the
degree that bacterial invasion of tissue culture cells in vitro
correlates with invasion in vivo (14, 26), these cloned genes
are probably involved in epithelial-cell invasion by Y. en-
terocolitica in its natural hosts.

One of the cloned invasion loci, designated inv, allows a
uniformly high level of invasion in several tissue culture lines
and is homologous to the inv gene of Y. pseudotuberculosis.
The second invasion locus of Y. enterocolitica is ail. Bacte-
ria carrying ail exhibit several invasion phenotypes, depend-
ing on which cell line is infected. ail promotes a high level of
invasion of CHO cells and a low to moderate level of
invasion of other cell lines (HEp-2 and HEC1B) but allows
no invasion of MDCK cells. The recombinant plasmid
pVM102 strongly promotes adherence of E. coli HB101 to
many cell lines, including those cell lines for which it does
not promote efficient invasion (e.g., HEp-2). It is remarkable
that although E. coli(pVM102) adheres as well to HEp-2 cells
as to CHO cells, more intracellular bacteria are found in
CHO cells. Clearly these two tissue culture cell lines interact
differently with the bound bacteria. The phenotypes of
attachment and invasion which are associated with the
presence of pVM102 appear to be encoded by fewer than 650
base pairs of DNA and have not been separated genetically.
Given the difference in invasive ability of recombinant
strains carrying inv versus that of strains carrying ail, it is
debatable whether transformants containing plasmids carry-
ing the ail region would have been identified had gentamicin
been used in the initial enrichment. Because HB101 inv is
more invasive than HB101 ail, clones of the ail gene might
have been missed, since they would be outnumbered (per-
haps by as much as 10 to 1) by clones of the inv gene.

Several lines of evidence presented here indicate that
invasion by HB101 carrying the recombinant plasmids
pVM101 or pVM102 involves more than just attachment to
the tissue culture cell surface. First, HB101 carrying recom-
binant plasmids which encode previously described adhesins
(12, 15, 18) is not invasive. Second, pVM101 and pVM102
both promote a similar level of attachment of HB101 to
HEp-2 and CHO cells, yet the degree of invasion differs
considerably between HB101 cells carrying these two plas-
mids. Third, HB101(pVM102) binds at least as well to HEp-2
cells as to CHO cells, yet more than 10 times as many
bacteria are internalized by the CHO cells. These results
suggest that the interaction of HB101 carrying inv with the
eucaryotic cell differs from the interaction of HB101 carrying
ail with the eucaryotic cell and, in addition, that cell lines
differ in their abilities to respond to the bound bacteria.

It appears from the results presented here that Y. entero-
colitica synthesizes at least two factors that can mediate
attachment and invasion of tissue culture cells. The products
of the inv and ail genes are involved either directly or

TABLE 3. Invasion of tissue culture cell lines by Y. enterocolitica and Y. enterocolitica clones®

% Invasion of:

Infecting strain

HEp-2 MDCK CHO HEC1B
8081c 26.8 = 3.6 0.93 = 0.07 204 = 5.9 1243 £ 5.0
HB101(pBR322) 0.0075 + 0.0035° <0.0001 0.08 = 0.01 0.005 = 0.001
HB101(pVM101) 6.2 2.1 0.015 = 0.0015 152 £ 1.3 19.1 £ 24
HB101(pVM102) 0.37 = 0.19 <0.0001 12.7 £ 0.2 5.5+1.2

@ Strains were used to infect monolayers of the tissue culture cell lines as described in Materials and Methods. Values are the averages of duplicate samples,

with the ranges indicated, and reflect similar results from several experiments.

® From infection of HEp-2 with HB101. Results were similar for HB101 and HB101(pBR322).
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TABLE 4. Percent cell-associated bacteria in tissue culture cell lines®

% Bacteria associated with:

Infecting strain

HEp-2 MDCK CHO HECI1B
8081c 67.0 = 4.0 15.0 = 1.7 51.0 £ 5.0 104.0 = 53
HB101(pBR322) 11.0 £ 1.7 0.34 = 0.07 3.6 £0.7 74 %23
HB101(pVYM101) 34.0 £ 2.0 4.4 £ 0.05 26.0 = 3.0 58.0 £5.2
HB101(pVM102) 43.0 = 11.0 42+0.2 37.0 £ 4.0 10.0 £ 1.6

4 Strains were used to infect monolayers of the tissue culture cell lines as described in Materials and Methods. Values are the averages of duplicate samples,

with the ranges indicated, and reflect similar results from several experiments.

indirectly in invasion. Neither inv nor ail promotes invasion
to the degree seen with wild-type Y. enterocolitica 8081c.
This may be due simply to differences in strain background
between E. coli HB101 and Y. enterocolitica 8081c, though it
is also possible that Y. enterocolitica possesses more than
two factors that can promote invasion. It is already known
that, in addition to these two chromosomally encoded at-
tachment and invasion factors, Y. enterocolitica possesses
an attachment factor that is plasmid encoded and is thought
to be protein 1, which is responsible for autoagglutination as
well as adhesion (11, 21, 29). Why Y. enterocolitica should
express several different factors involved in adhesion and
invasion is unclear. It is possible that they are expressed at
different times during infection or that each promotes inter-
actions of the bacterium with different cell types. A more
detailed study of these genes and their products should lead
to a better understanding of the interaction of this invasive
bacterial pathogen with its host.
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