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The virulence plasmids pYV019, pYV8081, and pIBl from Yersinia pestis, Yersinia enterocolitica, and
Yersinia pseudotuberculosis, respectively, were characterized by restriction endonuclease analysis. The
three plasmids exhibited a region of common DNA previously shown to encode determinants which confer
Ca>2 dependence. The plasmids from Y. pestis and Y. pseudotuberculosis were similar throughout their
genomes. In contrast, a region of the plasmid from Y. enterocolitica which contained an origin of replication
differed from the other two plasmids as determined by DNA homology and replication properties. Plasmid-
associated outer membrane proteins from all three species of Yersinia were characterized by polyacryl-
amide gel electrophoresis. There were no differences in the outer membrane protein profiles between
plasmid-containing and homogenic strains lacking the plasmid after growth at 28°C. After growth at 37°C,
both Y. enterocolitica and Y. pseudotuberculosis showed at least four major plasmid-associated outer
membrane proteins. Y. pestis did not show any discernible changes after growth at 37°C. It was shown by
using E. coli minicell analysis that the plasmid DNA from all three species of Yersinia contained the coding
capacity for production of the novel outer membrane proteins.

The genus Yersinia is composed of three pathogenic
species: Y. enterocolitica, Y. pestis, and Y. pseudotubercu-
losis, all of which are capable of causing invasive disease in
humans and other mammals (12). Y. pestis and Y. pseudotu-
berculosis show 90% DNA sequence homology, whereas
both share about 50% DNA sequence homology with Y.
enterocolitica (6, 10). All three bacterial species have been
shown to harbor a related plasmid that is associated with
virulence and Ca2+-dependent in vitro growth at 37°C (Ca2+
dependence) (13-15, 28, 29, 32). We have shown that
transfer of a 72-kilobase (kb) plasmid from Y. pestis by P1
transduction to a plasmid-free, avirulent strain of Y. pestis
restores the strain to full virulence and Ca2+ dependence
(27). Furthermore, Tn5 insertions in appropriate regions of
the plasmid abolish both Ca2+ dependence and mouse viru-
lence of the Y. pestis strain. Therefore, Ca2+ dependence is a
virulence-associated phenomenon, although its role in
pathogenesis is unknown.

All three pathogenic species of Yersinia express a number
of plasmid-associated polypeptides at 37°C. One of these,
the V antigen, has recently been shown to be plasmid
encoded (27). Previous reports have described the outer
membrane protein profile of Yersinia with and without the
virulence plasmid and during growth at different tempera-
tures. Portnoy et al. (29) reported that Y. enterocolitica
expresses at least three novel plasmid-associated polypep-
tides during growth in broth at 37°C. Straley and Brubaker
(31) reported similar results for Y. enterocolitica and Y.
pseudotuberciulosis but reported that Y. pestis had no plas-
mid-associated differences in their outer membrane proteins.
Bolin et al. (7) have recently demonstrated that Y. pseudotu-
berculosis and Y. enterocolitica possess a plasmid-associat-
ed outer membrane protein of approximately 140,000 dal-
tons, which they termed protein 1. However, they could not
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reproduce the results of other reports which described a
number of lower-molecular-weight plasmid-associated outer
membrane proteins (29, 31). Although the precise role of the
outer membrane proteins is unknown, they may confer
serum resistance upon the bacteria (23, 25).

In this report, we compare the plasmid DNA from the
three species of Yersinia. We show that the three plasmids
have the coding capacity for expression of the novel 37°C-
specific outer membrane proteins.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The strains used in

these studies are listed in Table 1. Yersinia species were
grown on brain heart infusion agar and broth (Difco Labora-
tories, Detroit, Mich.) at 28°C. Escherichia coli strains were
grown on brain heart infusion agar or L agar and broth (1%
tryptone, 0.5% yeast extract, 1% sodium chloride) (Difco
Laboratories). Stock cultures were kept as suspensions of
cells at -20°C in 50% glycerol-50% L broth.

Isolation of plasmid DNA, restriction endonuclease diges-
tion, and agarose gel electrophoresis. Plasmid DNA was
isolated from Yersinia species as previously described (28).
The restriction endonucleases BamHI, Sall, XbaI, and BglII
were used under conditions recommended by the supplier
(Bethesda Research Laboratories, Rockville, Md.). Approx-
imately 0.2 ,ug of restricted plasmid DNA was subjected to
electrophoresis in either a horizontal 0.4-cm Tris-acetate-
buffered 0.7% agarose gel (29) for 17 h at 50 V or alternative-
ly, a vertical 0.25-cm Tris-borate-buffered 0.7% agarose gel
(24) for 2 h at 100 V.

Restriction endonuclease mapping of plasmid DNA. Plas-
mid DNA from Y. pestis 019(pYV019) was previously
mapped (28). Plasmid DNA from Y. enterocolitica
8081(pYV8081) was mapped by the following strategy: Sall
and XbaI sites were mapped relative to one another by the
analysis of single and double digestion patterns. To locate
BamHI restriction sites, fragments produced by SalI-XbaI

108



YERSINIA PLASMIDS AND OUTER MEMBRANE PROTEINS 109

TABLE 1. Strains and plasmids
Strain or plasmid

Y. enterocolitica 8081
(pYV8081)

Y. enterocolitica 8081-c

Y. pseuidotlberca/ilosis
YPIII(pIB1)

Y. pseudotuberculosis
YPIII

Y. pestis EV76(pYV019)

Y. pestis EV76-6
E. coli LE392
E. coli SF800

E. coli P678-54

Relevant properties

Virulent, Ca2' depen-
dent

Avirulent, Ca-2 indepen-
dent

Virulent. Ca2+ depen-
dent

Avirulent, Ca-2 indepen-
dent

Avirulent (pgrn). Ca-2
dependent

Ca2+ independent
Restriction minus (/isdR)
DNA polymerase minus

(pol A)
Minicell-producing E.

coli

pYV8081: :Tn5
plBl::Tn5
pYV019: :Tn5

Reference

29

29

7

This study
8

27

double digestion were isolated from an agarose gel by
electroelution and subsequently digested with BamnHI. Map-
ping was also facilitated by the analysis of BarmHI-BglII
double digests. Plasmid DNA from Y. pseudotuberculosis
YPIII(pIB1) was mapped by the analysis of overlapping
cosmid clones. The details are reported elsewhere (8). The
three restriction maps are shown in Fig. 1.

Transformation of plasmid DNA. E. coli strains were
transformed with plasmid DNA by the method of Brown et
al. (11).

Localization of plasmid origin of replication. The probable
location of the origin of replication from pYV019 has been
described previously (28).
BamHI restriction fragments 1 to 9 from pYV8081 were

individually cloned into plasmid pBR325 (9), using T4 DNA
ligase purchased from New England Biolabs, Beverly, Mass.
Plasmid pBR325 was derived from ColEl and requires DNA
polymerase I for replication (20). Plasmid DNA from chlor-
amphenicol- and ampicillin-resistant, tetracycline-sensitive
clones was analyzed by digestion with BamHI. Only recom-
binant plasmids containing BamHI restriction endonuclease
fragment 3 (BamHI-3) were capable of transforming E. coli
SF800 (polA) to chloramphenicol resistance, and these colo-
nies appeared only after incubation at 28°C and not 37°C.
Therefore, it was concluded that BamHI-3 must contain
sufficient sequences to permit replication in a polA host. The
BamHI-3 was subcloned, and the putative origin of replica-
tion was localized to a 4-kb BamHI-SalI restriction frag-
ment.
BamHI restriction fragments from pIBi have been cloned

into pBR322 (8). By using the same strategy as described
above, an origin of replication was localized to BamHI-4.

Introduction of TnS into Yersinia plasmids. The introduc-
tion of Tn5 into pYV019 and characterization of the insertion
mutants have been described previously (27). The particular
Tn.S insertion used in this study is adjacent to the Ca>+
dependence locus within BamnHI-1 and causes no loss of
virulence in Y. pestis strains harboring this plasmid. The
introduction of TnS into pIBl is described elsewhere (8). The
particular Tn5 insertion used in this study resides within
BamHI-10 and has no effect on Ca-+ dependence or the
virulence of Y. pseiudotiuberc ulosis.

Cotransformation (21) was used to introduce pYV8081

(A)

(B)
~1
2

3

It I
FIG. 1. (A) Restriction fragment maps from Yersinia virulence plasmids. The sizes of BamHI restriction fragments (in kilobases) are:

(pYV8081, fragments 1 to 9, respectively) 24.5, 13.7, 9.8, 5.3, 4.4, 4.0, 2.5, 1.1, and 0.7; (pYV019, fragments I to 15, respectively) 14.5, 10.7,
9.7, 5.8, 5.3, 4.9, 4.4, 4.0, 2.9, 2.2, 1.7, 1.6, 1.3. 1.1, and 0.9; (pIBl, fragments 1 to 14, respectively) 12.0, 9.7, 7.8, 6.6, 5.8, 5.3, 4.4. 4.0. 2.9,
1.7, 1.6, 1.3, 1.1, and 0.9. The stippled area of pYV019 represents the Ca2' dependence locus (27). The stippled areas in pYV8081 and pIBl re-
fer to three common BamHl fragments in the Ca2+ dependence locus. (B) BamHI restriction endonuclease digestion patterns of plasmid
DNA. Lane 1, pYV8081; lane 2, pYV019; lane 3. pIBl. Electrophoresis was for 17 h at 50 V in Tris-acetate buffer (29). Arrows point out three
common BamHI restriction fragments.
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into E. coli LE392. The cotransforming plasmid was pMR5,
a temperature-sensitive derivative of RP1 which encodes
resistance to ampicillin. kanamycin, and tetracycline (30). A
3-ng amount of pMR5 DNA was mixed with 1 ,ug of
pYV8081 DNA, transformed into E. coli LE392, and plated
at 28°C on L agar supplemented with kanamycin. Kanamy-
cin-resistant colonies (100) were transferred to a nitrocellu-
lose filter, and the colonies containing pYV8081 were identi-
fied by a DNA-colony hybridization technique (18), using
32P-labeled pYV8081 DNA as a probe. Hybridization-posi-
tive colonies (3/100) were shown to contain pMR5 and
pYV8081 by agarose gel electrophoresis. After passage at
42°C, so that 50% of the cells had lost pMR5, 30% of the
kanamycin-sensitive cells still retained pYV8081. E. coli
LE392(pYV8081) was infected with bacteriophage Pl::TnS
(22) at 28°C. Plasmid DNA was isolated from the lawn of
cells that arose on L agar supplemented with kanamycin and
used to transform E. coli LE392 to kanamycin resistance.
Eight kanamycin-resistant colonies were all shown to con-
tain pYV8081::Tn5 by analysis of BamHI restriction diges-
tion patterns of the plasmid DNA.

Isolation of bacterial outer membranes and SDS-PAGE.
Whole membranes and Triton X-100-insoluble outer mem-
branes were isolated by a modification of the method of
Achtman et al. (1). A 10-ml volume of the bacterial cultures
was grown at 28 and 37°C to stationary phase in a medium
consisting of 1% tryptone, 0.5% yeast extract, 0.02% sodium
oxalate, and Higuchi salts, pH 7.2 (19). The tryptone, yeast
extract, and sodium oxalate were mixed together as a lOx
stock, boiled, and filter sterilized. This medium was optimal
for the expression of Ca>+ dependence. The cultures were

subjected to centrifugation and the bacterial sediment was

suspended in 1.5 ml of 10 mM Tris-5 mM MgCI2, pH 7.5.
The bacteria were lysed by sonication, and unbroken cells
were removed by centrifugation for 1 min at 15,600 x g in a
microcentrifuge. The supernatant fluid was sedimented for
30 min in a microcentrifuge at 4°C, and the supernatant fluid
was discarded. The sediment was suspended in 300 RI of 10
mM Tris (pH 8.0)-5 mM MgCl2-2% Triton X-100 and
allowed to incubate at room temperature for 20 min. The
sample was sedimented for 30 min at 4°C in a microcentri-
fuge, the supernatant was discarded, and the sediment was

suspended in 50 [L of electrophoresis sample buffer (17).
Approximately equal amounts of protein were subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) in a 12.5% gel as previously described (29).
The following proteins from Bio-Rad Laboratories were
used as molecular weight standards: phosphorylase B
(94,000), bovine serum albumin (68,000), ovalbumin
(43,000), carbonic anhydrase (30,000), and soybean trypsin
inhibitor (21,000); other molecular weight standards were
from Bethesda Research Laboratories: beta-lactoglobulin
(18,400), alpha-chymotrypsinogen (25,700), ovalbumin
(43,000), bovine serum albumin (68,000), and phosphorylase
b (92,500).

Purification of the 24,QOO-dalton outer membrane protein.
Outer membranes were isolated from 200 ml of Y. enterocoli-
tica 8081 grown under conditions that allowed expression of
the plasmid-associated outer membrane proteins. The entire
sample was applied to a preparative SDS-PAGE gel. After
electrophoresis, the gel was stained with Coomassie blue G
for 2 min and immediately rinsed in water, at which time the
24,000-dalton polypeptide was visible. The stained band was

excised from the gel and removed by electroelution into
dialysis tubing. The sample was dialyzed against distilled
water. The amount of protein was determined by using the

Bio-Rad protein assay kit, with bovine serum albumin as a
standard.

Minicell analysis of outer membrane proteins. The TnS-
labeled Yersinia plasmids were transformed into the mini-
cell-producing E. coli strain P678-54 (3). Labeling conditions
and sample preparation have been described before (17),
with the modification that strains harboring pYV8081 were
grown at 28°C. Approximately 100,000 cpm of acetone-
precipitable material was applied to a 12.5% SDS-polyacryl-
amide gel. The gel was stained and examined by fluorogra-
phy, using En3Hance (New England Nuclear Corp., Boston,
Mass.).

Immunoprecipitations were performed by lysing the mini-
cells in a boiling 1% SDS solution for 5 min. This was
followed by mixing of the sample with an antiserum directed
against 37°C-grown virulent Y. enterocolitica 9576 (29) and
protein A-Sepharose CL-4B (Pharmacia Fine Chemicals,
Uppsala, Sweden). After incubation for 2 h, the sedimented
sample was washed, mixed, with electrophoresis sample
buffer, boiled, and applied to the gel. For competition
experiments, 2 Lg of the purified 24,000-dalton outer mem-
brane protein was added to the sample along with antiserum
and protein A. The antiserum was a generous gift from R. J.
Martinez (23).

RESULTS

Comparison of plasmid restriction maps from Y. pestis, Y.
enterocolitica, and Y. pseudotuberculosis. The three pathogen-
ic species of the genus Yersinia, Y. pestis, Y. enterocolitica,
and Y. pseudotuberculosis, each harbor plasmids of similar
size. These plasmids are associated with Ca + dependence
and virulence (7, 13-15, 29, 32) and are represented by
pYV019, pYV8081, and pIBl, respectively. We have previ-
ously shown that pYV019 and pYV8081 share 55% DNA
sequence homology and that regions of nonhomology are
represented by discrete segments within plasmid pYV019
(28).
BamHI restriction endonuclease fragment maps of

pYV8081 and pIBl were constructed and compared with
those of pYV019 (Fig. 1). The regions of the plasmid
previously shown to be essential for Ca>2 dependence (27)
(stippled areas in Fig. 1) were similar in all three plasmids.
All three plasmids shared three contiguous common BamHI
restriction fragments which mapped internal to or adjacent
to the previously identified Ca>2 dependence locus of
pYV019. Of 14 BamHI restriction fragments from Y. pseudo-
tuberculosis plasmid pIB1, 11 migrated identically in gels
with those fragments from BamHI-cleaved Y. pestis pYV019
DNA. The differences between the restriction profiles of
pYV019 and pIB1 can be explained by the loss of one
BamHI site in pIB1 (within BamHI-4 of pIB1) and two
insertions within pYV019 (within BamHI-1 and BamHI-2 of
pYV019). Moreover, using nitrocellulose filter blot hybrid-
ization, each BamHI restriction fragment from pIBl was
shown to contain significant DNA homology with 32p_
labeled pYV019 DNA (data not shown). Although there
were differences, we concluded that the plasmids from Y.
pestis and Y. pseudotuberculosis were closely related at the
molecular level.
Plasmid pYV8081 from Y. enterocolitica shared three of

nine BamHI restriction fragments with the other two plas-
mids. The three common bands encompassed DNA se-
quences on the plasmid previously shown to be associated
with Ca>+ dependence (27). Although it is not possible to
determine the extent of DNA sequence homology between

INFECT. IMMUN.



YERSINIA PLASMIDS AND OUTER MEMBRANE PROTEINS 111

any two plasmid DNA molecules based on a comparison of
restriction endonuclease cleavage patterns, the fact that
plasmid pYV8081 from Y. enterocolitica only shares three
common bands with the other two plasmids was consistent
with the observed 55% DNA sequence homology between
pYV019 and pYV8081 (28).

Previously, we localized the origin of replication of plas-
mid pYV019 to BamHI-6 DNA by analysis of spontaneous
Ca2'-independent deletion mutants of Y. pestis EV76 (28).
We located the analogous region within pYV8081 and pIBl
by constructing recombinant plasmids between BamHI re-
striction fragments from the Yersinia plasmids with BamHI-
cleaved cloning vehicles pBR325 and pBR322 (9). These
cloning vehicles were derived from plasmid ColEl, which
requires DNA polymerase 1 for replication (20). The recom-
binant plasmids were transformed into E. coli SF800 (16),
and the DNA fragment of pYV8081 which would allow
propagation of the cloning vehicle within the polA host was
localized to a 4-kb BamHI-SalI restriction fragment within
BamHI-3. By using nitrocellulose filter hybridization, it was
shown that BamHI-3 from pYV8081 shared little or no DNA
homology with the Y. pestis plasmid pYV019 (data not
shown). Also, BamHI-6, which contains an origin of replica-
tion from the Y. pestis plasmid pYV019, shares little DNA
homology with pYV8081 (28). Therefore, it appeared that
those regions of the plasmids from Y. pestis and Y. enteroco-
litica which contained an origin of replication were dissimi-
lar. An origin of replication of pIBl was located within the
6.6-kb BamHI-4 (Fig. 1). As expected, this appeared to map
to the same site as the origin of replication from the Y. pestis
plasmid.

E. coli SF800 harboring recombinant clones containing the
origin of replication from the Y. enterocolitica plasmid could
form colonies on antibiotic-containing media at 28°C but not
at 37°C. E. coli SF800 harboring recombinant clones contain-
ing the origin of replication from the Y. pseudotuberculosis
plasmid grew well at both temperatures on antibiotic-con-
taining media. Thus, the observed difference in the DNA
sequence of the origins of plasmid replication was further
reflected by their replication properties at different tempera-
tures. However, these data must be interpreted with caution
since it is possible that the plasmids use other sequences as
their origin of replication within the normal host bacterium.

Plasmid-associated expression of outer membrane proteins.
Reports concerning the plasmid-associated expression of
outer membrane proteins in various Yersinia species have
not been uniform (7, 29, 31). Consequently, we directly
compared the outer membrane proteins of all three species
with and without the plasmid after growth at 28 and 37°C
(Fig. 2). Both of the plasmid-containing strains of Y. entero-
colitica and Y. pseudotuberculosis expressed a high-molecu-
lar-weight protein (protein 1 [7]) and at least three additional
outer membrane polypeptides as compared with the plasmid-
free strains or the plasmid-containing strains grown at 28°C.
In contrast, Y. pestis showed no apparent plasmid-associat-
ed changes in its outer membrane protein profile after
growth at either temperature.
The appearance of plasmid-associated outer membrane

polypeptides in Y. enterocolitica and Y. pseudotuberculosis
was growth medium dependent as well as temperature
dependent. Protein 1 was expressed in all media tested. The
lower-molecular-weight outer membrane polypeptides were
expressed in brain heart infusion broth and in an oxalated
tryptone broth (see above) but were absent from cultures
grown in a minimal medium E plus Casamino Acids (7), L
broth, and in tryptone soya broth (data not shown). There-
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FIG. 2. SDS-PAGE of Yersinia outer membrane polypeptides.
(A) Yersinia strains grown at 37°C; (B) strains grown at 28°C. Lanes:
1, Y. enterocolitica 8081; 2, Y. enterocolitica 8081-c; 3, Y. pseudotu-
berculosis YPIII(pIBl); 4, Y. pseudotuberculosis YPIII; 5, Y. pestis
EV76; 6, Y. pestis EV76-6. The arrowheads designate the major
plasmid-associated outer membrane proteins.

fore, the difference in plasmid-mediated protein expression
reported previously probably reflects differences in growth
media. Although we have not identified the specific growth
requirement(s) for expression of the outer membrane pro-
teins, it may be related to Ca2+ dependence because Ca2+
added to brain heart infusion prevents expression of the
outer membrane proteins (29), and they are fully expressed
in an oxalated medium which is optimal for the expression of
Ca2+ dependence. It is clear that Y. enterocolitica and Y.
pseudotuberculosis have the potential to dramatically alter
their outer membrane profiles in response to growth at 37°C.
Furthermore, all but one of the four plasmid-associated
outer membrane proteins from Y. enterocolitica and Y.
pseudotuberculosis appear to be identical in molecular mass
(Fig. 2).
The strains of Y. enterocolitica and Y. pseudotuberculosis

used in these studies were fully virulent (7, 29), whereas the
Y. pestis strain, because of a pigmentation mutation, was not
(27). Therefore, to exclude the possibility that the pigmenta-
tion mutation which affects virulence had an effect on the
expression of plasmid-associated outer membrane proteins,
we analyzed the outer membrane protein profile of Y. pestis
195-P, a fully virulent strain (27). The fully virulent strain Y.
pestis 195-P, like Y. pestis EV76, showed no evidence of
plasmid-associated outer membrane proteins (data not
shown).

Minicell analysis of plasmid-encoded outer membrane pro-
teins. By the criteria we applied, the plasmid DNAs from Y.
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pestis and Y. pseudotuberculosis were almost identical.
However, although Y. pseudotuberculosis showed dramatic
plasmid-associated changes in its outer membrane proteins,
Y. pestis did not. To address this difference in expression,
the plasmid DNAs from all three strains of Yersinia were
labeled with kanamycin resistance by the insertion of the
transposable element Tn5 into the plasmids (see above), and
the DNA was transformed into minicell-producing E. coli
P678-54. E. coli strains harboring pYV8081::TnS were grown
at 28°C to prevent loss of the plasmid, whereas those
harboring pYV019::TnS and pIBl::Tn5 were grown at 37°C.
In each case, the 35S labeling of the minicells was performed
at 37°C. Each plasmid encoded more than 20 polypeptides in
the minicell model (Fig. 3A). The polypeptides encoded by
pYV019 and pIBl appeared to be identical, whereas there
were a number of apparent differences between these and
the polypeptides encoded by pYV8081. These data support-
ed our conclusion that pYV019 and pIBl were similar at the
molecular level.
Antiserum raised to a 37°C-grown plasmid-containing Y.

enterocolitica strain (23) was used to immunoprecipitate 35S-
labeled minicell products. The antiserum was highly specific
for plasmid-specific protein 1 and the 24,000-dalton outer
membrane protein, as well as for the chromosomally en-
coded major outer membrane proteins. The antiserum was
weakly specific for the plasmid-specific 34,000- and 46,000-
dalton outer membrane proteins (Western blotting, data not
shown). The 24,000- and 34,000-dalton polypeptides and
protein 1 were immunoprecipitated from minicell extracts
containing pYV8081 (Fig. 3B). The 24,000-, a 32,000-, and
the 46,000-dalton polypeptides were immunoprecipitated
from minicells containing pYV019 or pIBl. To show that the
24,000-dalton polypeptide recognized by the antiserum in all
plasmid-containing minicell extracts was the same polypep-
tide made in Y. enterocolitica, purified unlabeled protein
was added to the immunoprecipitation. The protein had been
isolated from a preparative SDS-polyacrylamide gel. The
results (Fig. 3C) showed that the purified 24,000-dalton
protein competed with the minicell extract for antibody, thus
indicating its identity with the 24,000-dalton outer membrane
protein from Y. enterocolitica. These data indicated that the
plasmids from Y. pestis and Y. pseudotuberculosis had the
coding potential for expression of outer membrane proteins
immunologically related to those produced by Y. enterocoli-
tica. Therefore, although Y. pestis does not appear to
express these proteins in its outer membrane, the plasmid
isolated from Y. pestis does have the coding capacity to do
so under appropriate but undefined conditions in E. coli.

DISCUSSION
The results of this study show that there is a common

virulence plasmid in yersiniae which mediates Ca2+ depen-
dence and encodes a number of outer membrane proteins.
The plasmids from Y. pestis and Y. pseudotuberculosis
appear to be extremely similar. The plasmid from Y. entero-
colitica is similar to the others in the region concerned with
Ca2+ dependence, yet it appears to be significantly different
in a region of the plasmid necessary for maintenance and
other essential plasmid functions. This hypothesis is based
on DNA homology studies (28) and on the stability of the
plasmid at 37°C in E. coli K-12. Plasmid pYV8081::Tn5 from
Y. enterocolitica was rapidly lost at 37°C, whereas
pYV019::TnS from Y. pestis and pIBl::Tn5 from Y. pseudo-
tuberculosis were stable even after repeated passage at 370C.
This observation may also explain the high rate of plasmid
curing (about 1%) (5) in Y. enterocolitica. This is in contrast
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FIG. 3. Detection of outer membrane proteins in E. coli mini-
cells. (A) Autoradiograph of 35S-labeled products; (B) immunopreci-
pitate of same samples with antiserum directed against surface of Y.
enterocolitica 9576 grown at 37°C; (C) identical to B, except that 2
,ug of purified 24,000-dalton outer membrane protein from Y.
enterocolitica was included in the reaction. The arrowheads desig-
nate the plasmid-associated outer membrane proteins which are also
shown in Fig. 2. Lanes: 1, pYV019::Tn5; 2, pYV8081:Tn5; 3,
pIBl::Tn5; 4, minicells alone.

to Y. pestis, where the plasmid is lost at a frequency of less
than 10-4 per cell per generation (19, 29). The observed
difference in the replication regions from the different plas-
mids is consistent with the hypothesis that there was a
recombinational event between two ancestral plasmids, one
encompassing the replication region and another encompass-
ing the Ca2+ dependence region.
The three Yersinia species all possess plasmids with the

coding capacity for the expression of unique outer mem-
brane proteins at 37°C under calcium limitation, yet Y. pestis
does not express the proteins under similar growth condi-
tions. Y. pestis and Y. pseudotuberculosis share about 90%
overall DNA sequence homology, whereas each only shares
about 50% homology with Y. enterocolitica (6, 10). Thus,
although the plasmids from Y. pestis and Y. pseudotubercu-
losis are similar and both species are highly related, Y. pestis
fails to express the unique plasmid-encoded outer mem-
brane proteins. The expression of the outer membrane
proteins in Y. enterocolitica and Y. pseudotuberculosis is
growth medium dependent. Several explanations could exist
for these differences in expression. There could be some
unknown factor in the growth medium which represses the
expression of the outer membrane proteins in Y. pestis, or an
essential factor could be lacking in the growth medium.
Alternatively, the lack of expression by Y. pestis may reflect
a difference in cellular physiology. For example, a different
outer membrane composition might exist. R. Darveau and
W. Charnetsky have recently shown (personal communica-
tion) that Y. pestis alters its LPS composition at different
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temperatures. There is also evidence that Y. enterocolitica
alters its lipopolysaccharide composition with temperature
(2; Portnoy and Darveau, unpublished data). Therefore, the
expression of the outer membrane proteins may be depen-
dent on a specific outer membrane environment which is not
present in Y. pestis, at least in vitro. This might also account
for the fact that these outer membrane proteins are ex-
pressed only at 37°C in Y. enterocolitica and Y. pseudotuber-
culosis. This hypothesis is consistent with an observation of
Beher and Schnaitman that the OmpA protein was not
expressed in certain LPS mutants of E. coli K-12 (4).

Pai and DeStephano have recently shown that a virulent
strain of Y. enterocolitica grown at 370C but not at 250C was
resistant to the bactericidal action of normal human serum
(25). Martinez has corroborated this finding and further
correlated serum resistance with the presence of the outer
membrane proteins (23). Furthermore, Martinez has shown
that all of the plasmid-associated outer membranes are
externally exposed in Y. enterocolitica and react specifically
with human serum from a patient convalescing from yersin-
iosis. Together, these data suggest that these proteins are
made by Y. enterocolitica in vivo and afford the bacteria
altered surface properties which provide them with resist-
ance to the bactericidal activity of normal human serum and
possibly other host defense mechanisms. It is unknown
whether Y. pestis expresses the plasmid-encoded outer
membrane proteins in vivo; if not, this may be consistent
with the fact that Y. pestis is constitutively serum resistant
(26).

It is clear that a family of plasmids is essential for the
pathogenicity of Yersinia species. Although it has been
recognized for some time that Ca2+ dependence is associat-
ed with virulence (12), only recently has it been genetically
shown that Ca2+ dependence is essential for virulence (27),
although its precise role remains unknown. A role for the
plasmid-encoded outer membrane proteins and the V antigen
awaits isolation of specific mutations in the various genes,
followed by testing these strains for virulence in an appropri-
ate animal model.
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