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Previous studies have demonstrated a correlation between the ability of isolates of Yersinia enterocolitica to
cause disease and to invade tissue culture cells in vitro. Two genes, inv and ail, isolated from a pathogenic strain
of Y. enterocolitica have each been shown to confer this invasive phenotype upon Escherichia coli. Eighty
pathogenic, invasive isolates studied by Miller et al. (Infect. Immun. 57:121-131, 1989) contained sequences
homologous to both of these genes. Thirty-five nonpathogenic, noninvasive isolates similarly studied had no ail
homology but carried inv-homologous sequences. We investigated inv-homologous sequences from four
nonpathogenic isolates. Recombinant clones of these inv-homologous sequences did not confer the invasive
phenotype upon E. coli. No RNA transcripts capable of encoding a full-length Inv protein were detected in the
four noninvasive Yersinia strains. When the inv gene from a pathogenic isolate was introduced into two of these
strains, the resulting transformants invaded tissue culture cells in vitro. The inv gene was transcribed in a
pathogenic Yersinia isolate grown at 30°C but not at all in these cells grown at 37°C. The production of RNA
transcripts homologous to inv in transformants was not regulated by temperature to the same degree as was
seen for pathogenic isolates. We conclude that the inv gene in nonpathogenic strains of Y. enterocolitica is
nonfunctional. Y. enterocolitica isolates epidemiologically linked to disease contain both a functional inv gene
and a functional ail gene. Environmental isolates not associated with disease have a nonfunctional inv gene and
no ai gene.

Yersinia enterocolitica is an enteric pathogen of humans
which typically gains access to the host through contam-
inated foods (12, 23). The most common symptoms of
infection with this organism are abdominal pain and diarrhea
(5, 8). The infection can lead to mesenteric lymphadenitis
and terminal ileitis (5, 8). Postinfectious complications, such
as reactive arthritis and erythema nodosum (5, 8), are
occasionally seen. These manifestations appear to be immu-
nological in origin and are associated with particular sero-
types of Y. enterocolitica and particular host haplotypes (1,
5). When bacteria present in contaminated food enter the
small intestine, they are able to cross the intestinal epithe-
lium and enter the underlying lymphatic tissue (24). Once
there, the bacteria can establish infection within cells of the
monocyte lineage (24). Some of the more severe conse-
quences of infection by this organism seem to be a result of
this colonization of local lymphatic tissue.
The ability to enter host cells appears to be an important

first step in the infection process for this organism. Two
chromosomal genes, inv and ail, have been associated with
the ability of Y. enterocolitica to enter cultured human
epithelial cells (16). When either gene is introduced into a
laboratory Escherichia coli strain, it confers the invasive
phenotype on this normally noninvasive organism. A gene
homologous to the inv gene of Y. enterocolitica had previ-
ously been isolated from a related species, Y. pseudotuber-
culosis, and this gene also conferred the invasive phenotype
on E. coli (9). In addition, when in vitro-generated mutations
in inv were reintroduced into Y. pseudotuberculosis, these
mutants became noninvasive (11). Y. pseudotuberculosis inv
mutants also exhibit a delayed course of infection relative to
that of the wild type when given orally to mice (21). All
isolates of Y. enterocolitica epidemiologically linked to
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disease that have been studied have been shown to contain
DNA sequences homologous to these two genes (17, 20).
Environmental isolates of Y. enterocolitica not epidemiolog-
ically associated with disease and unable to invade cells in a
tissue culture model have also been shown to have DNA
homologous to the inv gene; they lack ail-homologous se-
quences (17, 20). The inv homology seen in these strains falls
into a small number of groups based upon restriction frag-
ment length polymorphisms (RFLPs) seen when chromo-
somal DNA from these strains is digested with the restriction
endonuclease EcoRV (17). All of the pathogenic isolates
contain inv-homologous sequences which fall into two RFLP
groups, and all but a single nonpathogenic isolate have
inv-homologous sequences that are in the other RFLP
groups (17). Thus, there is an association between the inv
homology RFLP pattern seen and pathogenicity. The fact
that environmental isolates contain any sequences homolo-
gous to inv does, however, raise questions about the role of
inv in the pathogenic process. To answer these questions, we
have been studying the inv-homologous sequences from a
number of non-disease-associated Y. enterocolitica isolates
which do not invade tissue culture cells. We have isolated
inv-homologous sequences from four noninvasive Y. entero-
colitica strains and have shown that they do not promote E.
coli invasion. inv-homologous RNA is not expressed in three
of these strains and is only weakly expressed in the fourth.
Finally, the presence of the wild-type inv gene in trans in two
of these previously noninvasive isolates conferred the tissue
culture-invasive phenotype. These experiments demonstrate
that the inv-homologous sequences in nonpathogenic iso-
lates are nonfunctional.

(This work was presented in part at the 89th Annual
Meeting of the American Society for Microbiology [D. E.
Pierson and S. Falkow, Abstr. Annu. Meet. Am. Soc.
Microbiol. 1989, B263, p. 74].)
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TABLE 1. Strains used

Strain inv homology ail Frequency of invasion (% t SEM)' of: Source
(serotype) (RFLP group)a homology' HEp2 CHO HEC-1B (reference)

Y. enterocolitica
8081c (0:8) + (I) + 23.5 ± 3.2 40.0 ± 5.3 32.9 ± 6.6 Human septicemia (18)
Y312 (0:34) + (I) - 0.028 ± 0.001 0.565 ± 0.015 0.200 ± 0 Food; W. Hill, FDAC
YF357 + (II) - 0.150 ± 0.014 0.865 ± 0.035 1.12 ± 0.18 Food; W. Hill, FDA
Y68 + (III) - 0.016 ± 0.002 0.360 ± 0.090 0.019 ± 0.001 Primate; W. Hill, FDA
MC7 (0:9) + (V) - 0.269 ± 0.0375 0.970 ± 0.040 NDd Human colitis; M. Cafferkey,

Trinity College

E. coli
DH5aS - - 0.069 ± 0.008 0.022 ± 0.005 ND Bethesda Research Laboratories
HB101 - - 0.002 ± 0.0008 0.023 ± 0.003 0.004 ± 0.0005 6

aAs determined by Miller et al. (17).
b Strains were assayed for the ability to invade tissue culture cell lines as described in Materials and Methods; values are the averages of triplicate samples from

a single experiment on a single day.
C FDA, Food and Drug Administration.
d ND, Not determined.

MATERIALS AND METHODS

Bacterial strains and tissue culture lines. The bacterial
strains used in these studies are described in Table 1. Strain
8081 has been defined as pathogenic by the Centers for
Disease Control. Strains Y312, YF357, Y68, and MC7 have
been defined as nonpathogenic by the Centers for Disease
Control. Strains were maintained at -70°C in L broth (15)
containing 50% glycerol. Bacteria were grown in L broth
directly from these stock cultures. Hep2 and HeclB (both
from the American Type Culture Collection, Rockville, Md.)
cells were grown in RPMI 1640 medium containing 5% fetal
bovine serum. Chinese hamster ovary (CHO) (American
Type Culture Collection) cells were grown in minimal essen-
tial medium with nonessential amino acids and 5% fetal
bovine serum. Antibiotics were used in the following con-
centrations: ampicillin, 100 p,g/ml, and chloramphenicol, 50
,ug/ml.

Construction of probes. DNA from the Y. enterocolitica
inv recombinant clone pVM101 (16) was digested with re-
striction endonucleases purchased from Bethesda Research
Laboratories according to the directions of the manufac-
turer. DNA was subjected to electrophoresis on a 0.8%
agarose gel (14). Fragments of interest were isolated by
electroelution into DEAE paper (Schleicher & Schuell,
Inc.). DNA was eluted from the paper onto 1 M sodium
chloride-50 mM arginine, extracted with phenol, and precip-
itated with ethanol as described elsewhere (27). Fragments
were labeled by nick translation (14).
DNA isolation and cloning of inv homologs. Gene banks of

Y. enterocolitica Y312, YF357, Y68, and MC7 were con-
structed in the vector pMT11HC. This vector is a high-
copy-number mutant (200 to 300 copies per cell) isolated
from a deletion derivative of pBR322 from which the HaeII
fragments corresponding to base pairs 238 to 2352 on the
pBR322 sequence as defined by Maniatis et al. (14) have
been removed and into which a polylinker has been inserted
between the unique EcoRI and HindIII sites (Kevin Moore,
unpublished results). Chromosomal DNA was isolated from
these four strains by the method of Redfield and Campbell
(19). DNA was partially digested with the restriction endo-
nuclease Sau3A to generate fragments larger than 3 kilobase
pairs (kbp). This partially digested DNA was fractionated by
electrophoresis on a 0.8% agarose gel. Fragments ranging in
size from 6 to 12 kbp were isolated by elution onto DEAE
paper as described above. pMT11HC DNA was digested

with BamHI and treated with calf intestinal alkaline phos-
phatase (14). Vector and chromosomal DNAs were mixed in
a molar ratio of 10:1 at a concentration of 200 jig/ml and
ligated overnight at 14°C (14). Approximately 100 ng of this
mixture was used to transform (14) E. coli HB101. Ampicil-
lin-resistant transformants were screened for inv-homolo-
gous sequences by the method of Grunstein and Hogness
(14) by using the inv probe B indicated in Fig. 1.
RNA isolation. Total bacterial RNA was isolated from cells

growing logarithmically at 30 and 37°C by the hot phenol
extraction method of von Gabain et al. (26). Briefly, cells
were quickly chilled in an ice-water bath when they reached
an A650 of 0.5. Cells were harvested by centrifugation at
3,000 x g for 10 min, and the pellet was suspended in
ice-cold 0.3 M sucrose-0.01 M sodium acetate, pH 4.5. An
equal volume of 2.5% sodium dodecyl sulfate-0.01 M so-
dium acetate, pH 4.5, was added, and this mixture was
incubated at 65°C for 1.5 min. The mixture was then ex-
tracted three times with hot (65°C) phenol and then ethanol
precipitated. The RNA pellet was suspended in 10 mM
Tris-1 mM EDTA, pH 7.0, and treated with RNase-free
DNase (Worthington Biochemicals) for 30 min at 20°C. This
was then extracted with a 1:1 mixture of phenol and chloro-
form and ethanol precipitated. RNA was stored in 10 mM
Tris-1 mM EDTA, pH 7.5, at -20°C.

Northern (RNA blot) analysis. A 15-,ug portion of each
RNA sample was denatured and separated on a 2.2 M
formaldehyde-1% agarose gel (13) and blotted onto nitrocel-

inv probes:
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FIG. 1. inv probes used. Plasmid pVM101 was described by
Miller and Falkow (16). The arrow indicates extent and direction of
transcription of inv as determined from the inv gene sequence (V.
Young, personal communication). Abbreviations: P, PstI; Pv, PvuI;
C, ClaI; RV, EcoRV.
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FIG. 2. Restriction maps of inv-homologous DNAs from the strains indicated. The arrow indicates extent and direction of the inv gene as

derived from the inv gene sequence (V. Young, personal communication). The maps of Y312, YF357, and MC7 inv are aligned with that of
8081 relative to the common EcoRV site. The map of Y68 could not be aligned with these (see Results). The MC7 inv probe used for analysis
of transcription in MC7 shown in Fig. 3C is indicated ( ). Abbreviations: E, EcoRI; P, PstI; C, ClaI; A, AvaI; M, MluI; RV, EcoRV.

lulose (Schleicher & Schuell) by using standard procedures
(13). For slot blot analysis, 10 ,ug ofRNA was denatured by
treatment with 7.4% formaldehyde in 1 M sodium chloride-
100 mM sodium citrate at 56°C for 15 min and then spotted
onto nitrocellulose filters (Bethesda Research Laboratories)
(2). These filters were probed with nick-translated probes by
using the hybridization and wash conditions described by
Anderson and Young (2).

Transformation procedures. E. coli strains were trans-
formed with plasmid DNA by the calcium chloride transfor-
mation protocol (14). Y. enterocolitica was transformed with
plasmid DNA by the procedure of Balligand et al. (4).

Invasion assays. Invasion assays were performed as de-
scribed by Miller and Falkow (16), with the following
changes. Bacteria were incubated with the monolayer of
tissue culture cells for 2 h at 37°C in a 5% CO2 incubator,
after which they were washed three times with phosphate-
buffered saline. Fresh medium containing 100 ,ug of genta-
micin per ml was added, and cells were incubated for 2 h at
37°C in a 5% CO2 incubator, after which they were washed
and lysed as described previously (16). Percent invasion was
calculated as the number of bacteria surviving gentamicin
treatment divided by the number of input bacteria.

RESULTS

Six inv RFLP categories have been defined by Miller et al.
(17); these have been named types I, II, I-IT, III, IV, and V.
Type I isolates have two inv-homologous fragments of 9.5
and 4 kbp; type II strains have 9.7- and 3.8-kbp inv-
homologous fragments; type I-II strains have a mixture of
the type I and II patterns, with a 9.7-kbp fragment coming
from the type II group and a 4-kbp fragment coming from the
type I group; type III strains have two bands of 4.8 and 1.8
kbp that are only very weakly homologous to inv and may in
fact represent homology to sequences adjacent to inv on the
probe used; type V strains share the 9.5-kbp fragment with
type I in addition to a 5-kbp inv-homologous fragment; and
type IV strains are those that do not fall into any of the
above-defined categories. All pathogenic strains, including
the one used in this study, 8081c, fall into the type I and type
I-II classes. The four nonpathogenic strains examined in
these studies represent members of the type II, III, and V
classes and the unique nonpathogenic type I isolate. The

strain from which inv and ail were isolated (8081c), the four
nonpathogenic isolates of Y. enterocolitica, and two E. coli
control strains used in these studies are described in Table 1
with respect to the presence or absence of inv-homologous
and ail-homologous sequences and the ability to invade three
tissue culture cell lines. Of the seven strains described, only
the strain capable of causing disease, 8081c, is able to invade
the three tissue culture cell lines.

Isolation of inv-homologous sequences from noninvasive
isolates. inv-homologous recombinant plasmids were isolated
from Sau3A partial libraries of the four strains inserted into
pMT11HC by using the ClaI-EcoRV probe (probe B) of Y.
enterocolitica inv indicated in Fig. 1A as described in
Materials and Methods. The restriction maps of these
recombinant plasmids are shown in Fig. 2. The maps of the
Y312, YF357, and MC7 inserts can be aligned with that of
the inv gene from 8081c, as they share some common
restriction sites. It would appear from this alignment that
these three recombinant plasmids contain the full-length inv
gene if it is indeed present in the parental strains. Additional
evidence that these three inserts contain the full-length inv
gene came from probing them with probes that flank the 5'
and 3' ends of the gene as defined by the 8081c inv sequence
(V. Young, personal communication). These probes are

shown in Fig. 1. All three recombinant plasmids hybridized
to both of these probes (data not shown), indicating that the
full-length gene was present. It was not possible to align the
map of the Y68 inv recombinant plasmid to that of 8081c inv,
as there were no obvious similarities in the restriction maps
of the two. The 5' inv probe did not hybridize to either the
Y68 inv clone or the Y68 chromosomal DNA (data not
shown), suggesting that neither Y68 nor the inv-homologous
sequences isolated from this strain contains a full-length inv
gene.
The invasion frequencies of HB101 transformants carrying

these recombinant plasmids into three different tissue cul-
ture cell lines are presented in Table 2. E. coli recombinants
harboring the inv gene of strain YF357, Y68, or MC7 were no

more invasive than the E. coli parent containing the cloning
vector alone. E. coli recombinants harboring the Y312 inv
gene appeared to be consistently slightly more invasive than
strains bearing the vector alone, although the level of inva-
sion was far less than that seen for recombinants harboring
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TABLE 2. Invasion of tissue culture cell lines by E. coli carrying
Y. enterocolitica inv recombinant plasmids

Plasmid Frequency of invasion (% ± SEM)"
(inv origin) HEp2 CHO HEC-1B

pINV (8081c) 1.45 ± 0.15 9.6 ± 0.4 13.5 ± 2.2
pINV (Y312) 0.031 + 0.026 0.298 ± 0.21 0.181 ± 0.10
pINV (YF357) 0.006 ± 0.002 0.044 ± 0.024 0.066 ± 0.064
pINV (Y68) 0.004 ± 0.0004 0.034 ± 0.0015 0.004 ± 0.0003
pINV (MC7) 0.044 ± 0.012 0.023 ± 0.001 NDb
pBR322 0.003 ± 0.001 0.039 ± 0.017 0.004 ± 0.0005

E. coli HB101 strains harboring the plasmids indicat

invasion of the three tissue culture cell lines and the percer

bacteria was determined as described in Materials and Me
are averages of duplicate samples from a single experimi
are representative of similar experiments performed on d

b ND, Not determined.
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FIG. 4. Slot blot analysis of inv-homologous transcripts from
noninvasive strains transformed with the 8081c inv gene. RNAs
were isolated from the strains indicated growing exponentially at 30
or 37°C as indicated, denatured in the presence of formaldehyde and
formamide, spotted onto filters, and hybridized as described in
Materials and Methods. inv probe A (Fig. 1) was used to detect
inv-homologous transcripts.

e strains Y312, probe containing the 3' end of the gene and downstream
at 30°C. Equal sequences (probe B) are not capable of encoding a full-length
ophoresed in a Inv protein, since at least 2.5 kb would be required, and the
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Southern analysis, we repeated the experiment for MC7
RNA by using a probe derived from the MC7 inv clone that
hybridized to the 8081c inv gene under less stringent condi-
tions. By Northern analysis (Fig. 3C), RNA homologous to
this probe was detected; however, these transcripts (of 1.9
and 1.3 kb) were insufficient in length to encode a full-length
Inv protein, as had been seen with Y312 and YF357 inv-
homologous RNA. Thus, the inv genes in these nonpatho-

kb genic strains are not expressed, possibly explaining the
noninvasive phenotype of these strains.
The effect of wild-type DNA in trans. The inv gene from

i 3 R 8081c was introduced on the plasmid pACYC184 into two of
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TABLE 3. Invasion of tissue culture cell lines by noninvasive
bacteria with and without the 8081c inv clone

Frequency of invasion (% + SEM)l
Strain

HEp2 CHO

8081c 3.38 ± 0.86 9.75 ± 0.75
Y68 0.004 ± 0.002 0.095 ± 0.015
Y68(pINV) 1.24 ± 0.53 3.47 ± 1.1
Y68(pACYC184) 0.001 ± 0.0002 0.029 ± 0.002
MC7 0.004 ± 0.002 0.215 ± 0.005
MC7(pINV) 6.1 ± 2.8 18.9 ± 9.7
DH5a(pINV) 0.560 ± 0.420 1.2 ± 0
DH5a(pACYC184) 0.002 ± 0.001 0.43 ± 0.29

a Strains were assayed for the ability to invade tissue culture cell lines as
described in Materials and Methods. The percentages of intracellular bacteria
given are averages of duplicate samples from a single experiment.

difficult. Certainly there was some transcription at 37°C in
these strains, which was never seen in 8081c.
These transformants were tested for their ability to invade

HEp2 and CHO cells in culture (Table 3). These previously
noninvasive strains were now able to invade these two cell
lines as well as 8081c could. The expression of the wild-type
inv sequences introduced into the two nonpathogenic strains
Y68 and MC7 was sufficient to confer the invasive pheno-
type to these two strains.

DISCUSSION
Tissue culture invasion has been used as one model to

determine the pathogenic potential of a microorganism. Y.
enterocolitica appears to require invasion as an early step in
the pathogenic process (12, 22, 25). For that reason, the
identification of factors that promote this process has been
used as one approach to study some of the virulence factors
of this microorganism. To that end, Miller and Falkow (16)
identified two such putative chromosomal virulence factors,
Inv and Ail, in Y. enterocolitica. However, the discovery
that nonpathogenic environmental isolates of Y. enteroco-
litica have DNA sequences homologous to one of these
genes, the inv gene, has raised some doubts about the
relevance of this gene in the pathogenic process. In contrast,
the observation that only pathogenic isolates have ail homol-
ogy is consistent with the role of this gene in virulence.

Evidence from animal studies by Roqvist et al. (21) does
suggest a role for inv in pathogenesis, as Y. pseudotubercu-
losis inv mutants show a delayed rate of infection compared
with the wild type. However, in spite of this delay, infection
does occur, indicating that there are other factors that can
substitute for Inv.
We have presented evidence here that, although nonpath-

dgenic isolates of Y. enterocolitica have inv sequence ho-
mology, these inv sequences are nonfunctional. First, these
strains are not invasive in vitro, supporting the idea that in
vitro invasiveness can be correlated with pathogenicity.
While E. coli strains carrying the functional inv gene recom-
binant plasmid are invasive, the inv-homologous sequences
from nonpathogenic isolates have little or no effect upon the
ability of the E. coli strain harboring them to invade. In all
four Y. enterocolitica isolates studied, no expression of
these genes could be detected by Northern analysis. Finally,
we have introduced the functional inv gene from a patho-
genic strain into two of these nonpathogenic strains and
shown that they then express inv-homologous RNA. These
strains are apparently able to place the Inv protein on their
surface in a functional configuration, as they exhibit the

capacity to invade tissue culture cells in vitro. Therefore, the
presence of inv homology in nonpathogenic strains does not
rule out a role for inv in the infection process.

It is not clear why these bacteria retain this inv homology
if the gene is not expressed. One possible explanation is that
they have recently expanded into a new niche in which the
expression of this gene would be deleterious to the organism.
This retention (or acquisition) of nonexpressed virulence
factor genes is not without precedent. The ptx operon, which
encodes the virulence factor pertussis toxin in B. pertussis,
is found in a nonexpressed form in two closely related
species, B. parapertussis and B. bronchiseptica (3). As with
inv in Y. enterocolitica, it is not known why these unex-
pressed virulence factor genes have not been lost from these
organisms.
There remains the possibility that the inv-homologous

sequences in the noninvasive strains are expressed under
conditions that we have not examined in our experiments.
Although this is a possibility that we cannot rule out, the fact
that the wild-type inv gene could confer the invasive pheno-
type to these strains under the conditions we examined
suggests that whatever is required by these organisms to
express a wild-type inv gene is present.
We have also shown, as has been previously demonstrated

for Y. pseudotuberculosis inv (10), that Y. enterocolitica inv
expression is regulated by temperature. Furthermore, this
temperature regulation has been shown, by slot blot analysis
of RNA isolated from cells grown at different temperatures,
to be at the level of transcription. At 30°C, inv RNA is
expressed well, while at 37°C there is no detectable inv
transcription. The inv gene in E. coli is not subject to this
temperature regulation, as approximately equal amounts of
inv RNA are detected at these two temperatures. In the
noninvasive strains with the wild-type inv gene on a plasmid,
there is some suggestion of temperature regulation; how-
ever, the extent of this regulation does not appear to be as
great as that seen in the strain from which the inv gene was
originally derived. The wild-type inv gene is in multiple
copies in these strains, which may act to titrate out a factor
with a role in temperature regulation (a factor which is
presumably absent in E. coli). Alternatively, transcription of
inv may be occurring from both its own promoter, which is
temperature regulated, and from a plasmid promoter, which
is not. This would lead to higher overall levels of inv
transcripts, making it difficult to detect any effects of tem-
perature. We are currently extending our investigation of the
regulation of the inv gene by temperature.
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