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A 31-kb fragment of the large virulence plasmid of Shigella flexneri is necessary for bacterial entry into
epithelial cells in vitro. One locus of this fragment encodes the IpaA, -B, -C, and -D proteins, which are the
dominant antigens of the humoral immune response during shigellosis. To address the role of the ipa genes,
which are clustered in an operon, we constructed a selectable cassette that does not affect transcription of
downstream genes and used this cassette to inactivate the ipaB, ipaC, and ipaD genes. Each of these nonpolar
mutants was defective in entIy and lysis of the phagocytic vacuole but was not impaired in adhesion to the cells.
We showed that, like IpaB and IpaC, IpaD is secreted into the culture supernatant and that none of these
proteins is necessary for secretion of the other two. This result differentiates the Ipa proteins, which direct the
entry process, from the Mxi and Spa proteins, which direct secretion of the Ipa proteins. Moreover, lack of
either IpaB or IpaD resulted in the release of larger amounts of the other Ipa polypeptides into the culture
medium, which indicates that, in addition to their role in invasion, IpaB and IpaD are each involved in the
maintenance of the association of the Ipa proteins with the bacterium.

Shigella species cause bacillary dysentery in humans
through a complex series of events which include entry into
colonic epithelial cells, intracellular multiplication, and
spread of bacteria to adjacent cells and to the lamina propria
of intestinal villi (19). The molecular and cellular basis of the
entry process have been studied in vitro by using various
epithelial cell lines (for a review, see reference 14). Shigella
cells enter semiconfluent HeLa cells through a mechanism
similar to phagocytosis, since actin polymerization and
myosin accumulation occur beneath the plasma membrane
at the entry site of virulent bacteria (12). Following entry,
Shigella cells rapidly lyse the membrane of the phagocytic
vacuole with a contact hemolysin (15, 33) and subsequently
spread within the infected cell (33). With the human colonic
epithelial cell line Caco-2, which differentiates into a polar-
ized epithelium expressing a well-established brush border,
the invasion process occurs through the basolateral surfaces
(27).
The invasive phenotype of Shigella flexneri is conferred

by a 220-kb virulence plasmid (32). By cosmid cloning (21)
and TnS mutagenesis (34, 35), entry-associated sequences
have been identified in six distinct loci of the large plasmid.
Two of these loci, virB and virF, encode transcriptional
activators of invasion gene expression (1), while the remain-
ing four loci map close to one another and cover a 31-kb
fragment of DNA (35). This segment contains numerous
closely linked genes, including the ipa (invasion plasmid
antigen), mxi (membrane expression of invasion plasmid
antigen), and spa (surface presentation of invasion plasmid
antigen) genes. The ipa genes encode the IpaA, IpaB, IpaC,
and IpaD polypeptides, which are the dominant antigens
eliciting a humoral immune response during shigellosis (29).
Recent reports have indicated that these antigens are pre-
sented at the bacterial surface and released into the culture
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supernatant by a secretion apparatus encoded by the mxi and
spa genes (4-6, 39).
The Ipa-encoding region is a cluster of eight genes tran-

scribed in the following order: icsB, ipgA, ipgB, ipgC, ipaB,
ipaC, ipaD, and ipaA. Transcriptional analysis of this region
indicated that the three ipg and the four ipa genes belong to
a single transcriptional unit (3, 9, 34). Transposon insertions
in ipgA, -B, and -C and in ipaB, -C, and -D, but not in ipaA,
abolished invasion of epithelial cells and the ability to
provoke keratoconjunctivitis in mice (35). Testing of some
transposon insertion mutants complemented with various
recombinant plasmids in the focus plaque assay confirmed
the importance of ipaB, ipaC, and ipaD in the virulence
phenotype of Shigella species, although their role in the
entry process was not specifically addressed (34). Recently,
the ipaB gene has been mutated with an interposon that
directs downstream transcription. IpaB was found to be
necessary for entry into cells and lysis of the phagocytic
vacuole (15).
We report here the construction of a mutagenic cassette

that can be inserted into a gene of an operon without
affecting transcription of downstream genes. This cassette
was used to inactivate each of the ipaB, ipaC, and ipaD
genes on the large virulence plasmid of S. flexneri. While still
adhering to HeLa cells, the ipaB, ipaC, and ipaD nonpolar
mutants displayed similar phenotypes in that they failed to
invade HeLa cells, trigger actin polymerization at sites of
bacterial interaction with the cell membrane, or lyse eryth-
rocytes. For each of these mutants, these defects, as well as
the ability to induce keratoconjunctivitis in guinea pigs, were
restored by complementation with a plasmid expressing a
wild-type copy of the mutated gene. In addition, we showed
that IpaD, like IpaB and IpaC, is secreted into the culture
medium of the wild-type strain. Analysis of the culture
supernatant of each of the ipaB, ipaC, and ipaD mutants
indicated that none of the Ipa proteins was necessary for
secretion of the others, which, together with the similar
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FIG. 1. Schematic representation of the aphA-3 cassette carried
by plasmid pUC18K. Plasmid pUC18K contains a 850-bp cassette
inserted into the SmaI site of plasmid pUC18. The kanamycin
resistance gene (aphA-3), whose start and stop codons are under-
lined by boldface lines, is indicated by a stippled box. The resistance
gene is preceded by translation stop codons in all three reading
frames (underlined by thin lines) and is immediately followed by a

consensus ribosome-binding site, GGAGG (underlined by a thin
line), and a start codon (boxed). Restriction enzyme sites of the
pUC18 polylinker are shown.

defective phenotype of the mutants, suggests that IpaB,
IpaC, and IpaD are effectors of the entry process. Moreover,
lack of IpaB or IpaD resulted in the release of larger amounts
of the other Ipa polypeptides into the culture medium, which
indicates that, in addition to their essential role in invasion,
IpaB and IpaD are each involved in the maintenance of the
association of the Ipa proteins with the bacterium.

MATERIALS AND METHODS

Bacterial strains and growth media. Escherichia coli
MC1061 (10) was used as a host for constructs involving
usual plasmid vectors, and E. coli DH5a(xpir (endAl hsdRl 7
[rkmk+I supE44 thi-1 recAl gyrA [Nalr] reLAl A[lacZYA-
argF]U169, F'[FD80dlacA(1acZ)M15] [Xpir]) was used as a
host for constructs involving the suicide plasmid pGP704
(oriR6K mob Apr) (25). E. coli SMlOXpir (thi thr leu tonA
lacYsupE recA::RP4-2Tc::Mu [Kmr] [Apir]) (36) was used to
transfer suicide plasmids to S. flexneri M9OT-Sm. S. flexneri
wild-type M9OT (32); M9OT-Sm, a spontaneous streptomy-
cin-resistant derivative of M9OT (3); and BS176, a plasmid-
less derivative of the wild-type strain (21), have been previ-
ously described. E. coli strains were grown on Luria-Bertani
agar or in Luria-Bertani broth, and S. flexneri strains were
grown on Trypticase soy agar or in Trypticase soy broth at
37°C. Antibiotics were used at the following concentrations:
ampicillin, 100 ,ug/ml; kanamycin, 50 p,g/ml; and streptomy-
cin, iOO,g/ml.

Construction of a nonpolar cassette. A cassette containing
a kanamycin resistance gene was constructed by polymerase
chain reaction (PCR) with plasmid pAT21 (38), which carries
the aphA-3 gene from Enterococcus faecalis. One primer
was 44 nucleotides in length (5'-CCCCCCGGGTGACTAAC
TAGGAGGAATAAATGGCTAAAATGAGA-3') and con-
tained 20 bases complementary to the 5' region of the aphA-3
gene (underlined). The other primer was 43 nucleotides in
length (5'-CCCCCCGGGTCATTATTCCCTCCAGGjTACT
AAAACAATTCATC-3') and contained 20 nucleotides com-
plementary to the opposite strand of the 3' region of the
aphA-3 gene (underlined). A SmaI site (5'-CCCGGG-3') was
included in each oligonucleotide to allow cloning of the PCR
product. DNA amplification was performed by using 2 ng of
circular template DNA and 1 ,uM each primer in a 100-pl
reaction mixture containing 50 mM Tris-HCl (pH 8.8), 15
mM ammonium sulfate, 3 mM MgCl2, 10mM P-mercaptoeth-
anol, and 200 ,uM each deoxynucleoside triphosphate. Thirty
cycles of 1 min of denaturation at 94°C, 2 min of primer
annealing at 42°C, and 3 min of extension by Taq polymerase
at 72°C were carried out.
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FIG. 2. Genetic organization of part of the ipa operon (top) and
plasmids used in this study. Construction of plasmids used to
generate and complement the ipaB2 mutant (B), the ipaC2 mutant
(C), and the ipaD2 mutant (D) and construction of plasmid pLAC-A
(A) are detailed in Materials and Methods. The ipaB, ipaC, and ipaD
genes of the wild-type strain M9OT were inactivated by allelic
exchange between the large virulence plasmid pWR100 and the
suicide plasmids pSFBK2 (ipaB), pSFCK2 (ipaC), or pSFDK3
(ipaD). The ipaA gene was inactivated by integration of pLAC-A,
which carries a DNA fragment internal to ipaA, into pWR100. The
aphA-3 resistance gene is indicated by a stippled box, and the lacZ
gene (not shown to scale) is indicated by a striped box. Restriction
enzyme sites: A,AflII; B, BclI; EI, EcoRI; EV, EcoRV; H, HindIII;
HII, HincII; Hp, HpaI; N, NmI; Sa, SacI; Sh, SphI; SI, Sall; Sm,
SmaI; Sp, SpeI; X, XbaI.

The PCR products were resolved on 0.8% agarose gels,
and a DNA fragment of the expected size (850 bp) was
purified, cleaved by SmaI, and cloned into the SmaI site of
pUC18 (23) to generate plasmid pUC18K. In this construct
(Fig. 1), the aphA-3 gene is transcribed from the lac pro-
moter of the vector and confers resistance to kanamycin.
Nucleotide sequencing of the aphA-3 flanking regions con-
firmed that no error had occurred at the extremities of the
cloned fragment.

Construction of strains SF620 (ipaB2), SF621 (ipaC2), and
SF622 (ipaD2) and plasmids pBl, pCl, and pDl. The different
steps in the construction of mutant strains SF620 (ipaB2),
SF621 (ipaC2), and SF622 (ipaD2) are shown in Fig. 2. All
plasmids are derivatives of pHS4108 (21).
To construct the ipaB2 mutant, plasmid pSFB was first

obtained by cloning a NruI-AflII fragment that contains the
ipaB gene and flanking regions into a derivative of vector
pUC18 that lacks the EcoRI site. The EcoRI-HpaI segment
of pSFB, internal to ipaB, was then replaced by an EcoRI-
HincIl fragment of pUC18K that carries the aphA-3 cas-
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sette. Recombinant plasmid pSFBK1 contained the aphA-3
gene inserted in the correct orientation, thereby placing the
ATG codon downstream from the resistance gene and in
frame with the TGA codon of ipaB. A filled-in HindIII
fragment of pSFBK1 that encompasses the mutated ipaB
gene was then cloned into pGP704, a derivative of the Apr
suicide vector pJM703.1 (25), to yield plasmid pSFBK2. This
plasmid was transferred to the S. flexneri strain M9OT-Sm by
conjugal mating, and, among transconjugants, clones in
which a double recombinational event had exchanged the
wild-type ipaB gene for the mutated copy were screened for
their sensitivity to ampicillin, i.e., loss of the suicide plas-
mid. Southern analysis of one such strain, called SF620,
confirmed the expected structure of the large plasmid carry-
ing the ipaB2 mutation.
To generate the ipaC2 mutant, a filled-in SpeI-HindIII

fragment that encompasses the ipaC gene was first cloned
into a derivative of pUC18 that lacks the EcoRI site to yield
plasmid pSFC. Plasmid pSFCK1 was obtained by replacing
the BclI-EcoRI fragment of plasmid pSFC, internal to ipaC,
by the SmaI insert of plasmid pUC18K that carries the
aphA-3 gene. The SacI-XbaI segment of plasmid pSFCK1
was then inserted into vector pGP704 to give rise to
pSFCK2. The latter plasmid was transferred to M9OT-Sm by
conjugal mating, and transconjugant SF621, screened as
described for SF620, was shown to have undergone the
expected double recombinational event by Southern analy-
SiS.
To construct the ipaD2 mutant, plasmid pSFDK1 was

obtained by cloning a filled-in HindIII fragment containing
the 3' region of ipaD into the filled-in SalI site of plasmid
pUC18K, thereby placing the start codon of the cassette in
the same reading frame as the stop codon of ipaD. Plasmid
pSFDK2 was constructed by inserting the HpaI-EcoRV
fragment that carries the 5' region of ipaD into the filled-in
EcoRI site of pSFDK1. The SalI-SphI fragment of plasmid
pSFDK2 that contains the ipaD2 mutation was then cloned
into vector pGP704 to yield plasmid pSFDK3. The latter
plasmid was transferred to M9OT-Sm by conjugal mating,
and transconjugant strain SF622, identified as described for
SF620, was shown by Southern blotting to harbor the ipaD2
mutation on its large plasmid.

Plasmids pBl, pCl, and pDl were used for complementa-
tion assays. Plasmid pBl was obtained by cloning the
EcoRV-BclI fragment of plasmid pSFB that encompasses
ipaB into pUC18. Plasmid pCl was constructed by cloning
the SalI-EcoRV fragment of plasmid pSFC that contains
ipaC into pUC18. Plasmid pDl was constructed by cloning
the EcoRI-SpeI fragment that encompasses ipaD into
pUC18. The ipaB, ipaC, and ipaD genes in plasmids pBl,
pCl, and pDl, respectively, are in the same orientation as
the lac promoter of pUC18.

Construction of strains SF623 (ipaA::1acZ) and SF624
(ipaA::1acZ ipaD2) and 13-galactosidase assays. The ipaA mu-
tant was obtained by integration of the suicide plasmid
pLAC-A (Fig. 2). Plasmid pLAC-A was constructed by
cloning the EcoRV-HpaI fragment, internal to ipaA, into the
SmaI site located upstream from the lacZ reporter gene in
vector pLAC-1 (3). In pLAC-A, the ipaA fragment is in the
same orientation as lacZ. This plasmid was transferred to
M9OT-Sm, and, among Apr clones that arose through inte-
gration of the suicide plasmid, strain SF623 harbored the
expected ipaAl mutation, which consists of two truncated
copies of ipaA, the first of which is part of an ipaA::lacZ
transcriptional fusion.

Plasmid pLAC-A was also transferred to strain SF622

(ipaD2). Integration of pLAC-A into the large plasmid of
SF622 gave rise to strain SF624, which thus carries the
ipaA::lacZ fusion and the ipaD2 mutation. Southern analysis
confirmed the correct structure of the large plasmid deriva-
tives of strains SF623 and SF624.

,-Galactosidase activity was assayed as described by
Miller (24) with the substrate o-nitrophenol-1B-D-galactoside.

Preparation of secreted proteins, SDS-PAGE, and immuno-
blotting. Bacteria in the exponential phase of growth were
harvested by centrifugation (13,000 x g, 20 min). Crude
extracts of bacteria were obtained from the bacterial pellet,
and proteins of the culture supernatant were precipitated by
the addition of 1/10 (vol/vol) trichloracetic acid. Electro-
phoresis in 10% polyacrylamide gels in the presence of
sodium dodecyl sulfate (SDS-PAGE) was performed as
described by Laemmli (20). After electrophoresis, proteins
were transferred to a nitrocellulose membrane. Immunoblot-
ting procedures were carried out with mouse monoclonal
antibodies (MAbs) H4 and J22, which recognize IpaB and
IpaC, respectively (8, 31), and rabbit polyclonal antisera
directed against IpaD (see below) or alkaline phosphatase.
Horseradish peroxidase-labelled goat anti-mouse or goat
anti-rabbit antibodies were used as secondary antibodies and
visualized by enhanced chemiluminescence.

Virulence assays. Bacterial invasion of HeLa cells was
performed as previously described (27). Briefly, bacteria at a
multiplicity of infection of 100 were centrifuged onto semi-
confluent monolayers (700 x g, 10 min), and infection was
carried out for 3 h without antibiotics, followed by a further
3 h with gentamicin (50 ,ug/ml) to eliminate extracellular
bacteria. Giemsa-stained preparations were examined for
intracellular bacteria. Contact hemolytic activity was de-
tected as previously described (33). Zones of F-actin accu-
mulation within HeLa cells were visualized by fluorescence
microscopy by staining cells with 7-nitrobenz-2-oxy-1,3-
diazole (NBD)-Phalloidin (Molecular Probes, Junction City,
Oreg.) for 20 min, essentially as described elsewhere (12).
Adhesion tests were performed as follows. Bacteria grown

in Trypticase soy broth (A6. = 0.3) were harvested by
low-speed centrifugation (2,000 x g, 10 min), resuspended in
minimum essential medium, and centrifuged onto HeLa cells
(700 x g, 10 min) at a multiplicity of infection of 10 or 100.
After various infection periods at 37'C, infected cells were
washed five times in phosphate-buffered saline (PBS), fixed,
and Giemsa stained. The numbers of adherent bacteria per
cell, bound at the periphery or over the surface of the cells,
were evaluated by examining 100 HeLa cells in each of three
separate experiments.

Preparation of anti-IpaD polyclonal antiserum. The EcoRV
fragment that contains the 3' portion of ipaD (Fig. 2) was
cloned into the filled-in EcoRI site of plasmid pMAL-p2
(New England Biolabs, Beverly, Mass.) to generate a gene
fusion between the E. coli malE gene, which encodes the
periplasmic maltose-binding protein, and the 3' portion of
the ipaD gene. The fusion protein expressed in E. coli was
purified from periplasmic extracts (28) by affinity chroma-
tography over an amylose column (11). The purified MalE-
IpaD protein was used to immunize male New Zealand
White rabbits (Charles River, Saint Aubin les Elbeuf,
France) according to the following protocol. Initially, 100 ,ug
of the protein mixed with complete Freund adjuvant was
injected intradermally. Subsequently, two booster injections
of 100 ,g of antigen, each without adjuvant, were given: the
first subcutaneously after 3 weeks, and the second intramus-
cularly 2 weeks later. Three weeks after the last booster
injection, the rabbits were bled. The serum samples were
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FIG. 3. Immunoblot analysis of the IpaB, IpaC, and IpaD pro-

teins produced in the ipa mutants. Samples of crude extracts of
bacteria corresponding to 50 ,ul of bacterial culture (A6. = 1) were
separated by SDS-PAGE, transferred to a nitrocellulose membrane,
and reacted with a mixture of MAbs directed against IpaB and IpaC
(upper panel) or an anti-IpaD polyclonal antiserum (lower panel).
Lanes: 1, M9OT (wild type); 2, SC403 (ipaB1); 3, SF620 (ipaB2); 4,
SF620(pBl); 5, SF621 (ipaC2); 6, SF621(pCl); 7, SF622 (ipaD2); 8,
SF622(pDl).

tested on crude extracts of the wild-type M9OT, the plasmid-
less derivative BS176, the ipaD2 mutant, and E. coli MC1061
carrying plasmid pDl. The serum samples strongly recog-

nized the 36-kDa IpaD protein.

RESULTS

Construction of a nonpolar cassette. In a previous work,
the ipaBl noninvasive mutant SC403 was constructed by
allelic exchange of the wild-type gene with an interposon-
mutagenized ipaB gene (15). Despite the presence of a

constitutive promoter inserted at the 3' end of the interpo-
son, the mutant strain produced only small amounts of the
downstream gene products IpaC and IpaD (Fig. 3, lane 2).
To generate nonpolar mutations in the ipa operon, we

constructed a selectable cassette that does not contain a
promoter or transcription terminator by using PCR on the
cloned aphA-3 resistance gene (see Materials and Methods
and Fig. 1). The aphA-3 gene carried by this cassette is
preceded by translation stop codons in all three reading
frames and is immediately followed by a consensus ribo-
some-binding site and a start codon. Use of appropriate
restriction sites allows the placement of the start codon at
the 3' end of the cassette in the reading frame of the stop
codon of the mutated gene, so that translation of the remain-
ing 3' portion of the mutated gene could allow translational
coupling, if any, with the downstream gene.

Construction of ipaB, ipaC, ipaD, and ipaA mutants. The
ipa genes on the large plasmid of S. flexneri M9OT were

mutated by either allelic exchange or a plasmid integration
technique. Constructions are detailed in Materials and Meth-
ods and are summarized in Fig. 2. Each of the mutations in
the ipaB, ipaC, andipaD genes consists of the replacement
of an internal fragment of the gene by the aphA-3 cassette.
Since the gene located downstream from ipaA, the virB
gene, is transcribed from its own promoter (37), the ipaA
gene was mutated by integration of a suicide plasmid. The
latter, pLAC-A, contains an internal fragment of ipaA in-
serted upstream from a promoterless lacZ gene. The inte-
gration event thus generated two truncated copies of ipaA,
the first of which creates an ipaA: :lacZ transcriptional
fusion. The mutant alleles of the genes were designated

ipaB2, ipaC2, ipaD2, and ipaAl, and S. flexneri strains
carrying these mutations were named SF620, SF621, SF622,
and SF623, respectively.
The ipaB2, ipaC2, and ipaD2 mutations are nonpolar. To

confirm the nonpolar nature of the ipaB2 and ipaC2 muta-
tions, immunoblot analysis (Fig. 3) was performed on whole-
cell extracts of strains M9OT (wild type), SC403 (ipaBl),
SF620 (QpaB2), and SF621 (ipaC2), with a mixture of MAbs
directed against the 62-kDa IpaB and 41-kDa IpaC polypep-
tides and a polyclonal antiserum directed against the 36-kDa
IpaD protein. Strain SC403 (lane 2) produced a 42-kDa
protein, corresponding to the truncated IpaB protein en-
coded by the ipaBl allele (15), and amounts of IpaC and
IpaD that were less than those produced by the wild type
(lane 1), thus confirming the polar effect of the ipaBl
mutation. In contrast, IpaC and IpaD were produced in
similar amounts by the wild-type (lane 1) and ipaB2 (lane 3)
strains, and IpaD was produced in similar amounts by the
wild-type and ipaC2 (lane 5) strains.
We confirmed the nonpolar nature of the ipaD2 mutation

by comparing the P-galactosidase activities produced by the
ipaA::lacZ transcriptional fusion in the presence or absence
of the upstream ipaD2 mutation. Totals of 530 and 550 U of
1-galactosidase activity were produced by strains SF623
(ipaA::lacZ) and SF624 (ipaA::lacZ ipaD2), respectively,
indicating that the ipaD2 mutation did not affect ipaA
transcription. To ensure that downstream transcription was
not initiated from a promoter located in the aphA-3 coding
sequence, we made use of the transcriptional control of the
ipa operon by growth temperature (22) and compared ther-
moregulation of the ipaA: :lacZ fusion in strains SF623
(ipaA::lacZ) and SF624 (ipaA::lacZ ipaD2). The low levels
of ,B-galactosidase activity obtained at 30°C were similar in
the two strains, indicating that insertion of the aphA-3
cassette preserves wild-type transcription of downstream
genes.
The ipaB2, ipaC2, and ipaD2 mutants are defective in

invasion-related tests. The Sereny test and the HeLa cell
infection assay were first used to assess the virulence
properties of the ipa mutants. The ipaB2, ipaC2, and ipaD2
mutants were each unable to provoke keratoconjunctivitis in
guinea pigs. In addition, none of these three mutants could
be detected inside HeLa cells, even after long incubation
periods (4 h). They were each restored to virulence in both
tests when complemented with a plasmid expressing a wild-
type copy of the mutated gene, pB1 (paB), pC (ipaC), and
pDl (ipaD) (Fig. 2), respectively. In contrast, the ipaAl
mutant could still invade HeLa cells and induce keratocon-
junctivitis in guinea pigs. The phenotype of the ipaAl mutant
was not further characterized.

Penetration of HeLa cells by invasive Shigella cells has
been shown to coincide with localized and transient actin
polymerization at the site of bacterial entry (12). We tested
whether the ipaB2, ipaC2, and ipaD2 mutants could still
trigger actin polymerization despite their noninvasive phe-
notype. None of the ipaB, ipaC, and ipaD mutants was able
to induce the actin polymerization at the site of bacterial
attachment which is characteristic of the first step of entry of
wild-type Shigella strains (12). To allow strong binding to
HeLa cells, the ability to induce actin polymerization was
also studied with strains carrying the pIL22 plasmid, which
encodes the E. coli afimbrial adhesin AFA-I and confers a
highly adhesive phenotype on cells of human origin (12, 18).
The three noninvasive mutants remained uniformly bound to
unaltered cells, and upon labelling with NBD-Phalloidin, no
evidence of aggregates of filamentous actin could be ob-
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24A
FIG. 4. Adhesion assay. HeLa cells were infected with the ipall2 (1), ipaC2 (2), and ipaD2 (3) mutants. Bacteria were centrifuged onto

HeLa cells at a multiplicity of infection of 10. After 2 h at 370C, infected cells were washed five times in PBS, fixed, and Giemsa stained.

served, whereas large foci of F-actin were labelled at sites of
interaction of the wild-type strain M9OT (harboring pIL22)
with cytoplasmic membranes (data not shown).

Intracellular multiplication, ability to lyse the phagocytic
vacuole, and contact hemolysis are three correlated viru-
lence phenotypes having thus far indistinguishable genetic
bases (33). The contact hemolytic activities of the ipaB2,
ipaC2, and ipaD2 mutants, M9OT, and BS176 (a plasmidless
derivative of M9OT) were compared. Whereas M9OT was
strongly hemolytic, the levels of hemolysis provoked by
each of the mutants were negligible (less than 10% of that of
M9OT) and similar to that of the plasmidless strain. These
results indicate that IpaB, IpaC, and IpaD are each neces-
sary for both inducing entry and lysing of the phagosomal
membrane.
The ipaB2, ipaC2, and ipaD2 mutants are not defective in

adhesion to HeLa cells. Although S. flexneri is only poorly
adherent to HeLa cells in vitro (30), we investigated whether
the noninvasive phenotype of the ipaB2, ipaC2, and ipaD2
mutants could be due to an impairment in adhesion to the
cells. To evaluate the adhesion phenotypes of the ipa mu-
tants, their adhesion capabilities were compared with those
of M9OT and BS176 after a short infection period (15 min) to
avoid entry and intracellular multiplication of M9OT. Results
of four independent experiments indicated that the mutants
and M9OT displayed similar levels of adhesion to HeLa cells,
which were fivefold higher than that of BS176.
The noninvasive phenotype of the mutants allowed exam-

ination of their attachment to the cells during prolonged
infection periods. After 2 h, the ipaB2 and ipaD2 strains
appeared to be highly adherent to HeLa cells and were
frequently seen as clusters of bacteria on the surface of the
monolayer (Fig. 4). In contrast, the ipaC2 mutant displayed
a weaker adhesive phenotype, consisting of isolated bacteria
bound predominantly at the periphery of the cells in regions
of focal contacts. On average, after a 2-h infection period,
10- to 50-fold more bacteria were adherent for each of the
ipaB2 and ipaD2 mutants than were adherent for the ipaC2
mutant.
We also tested whether the ipaC2 mutant could be made

invasive by enabling it to strongly adhere to the cells, i.e.,
when carrying plasmid pIL22. The ipaC2 mutant harboring
pIL22 could not be found within cells after treatment of the
monolayers with gentamicin, whereas M9OT(pIL22) was
invasive. These results suggest that loss of invasiveness of
the ipaC2 mutant, like that of the ipaB2 and ipaD2 mutants,
is not due to impairment of adhesion.
The ipaB2, ipaC2, and ipaD2 mutants still secrete the other

Ipa proteins. Recent work has shown that IpaB and IpaC are
released into the culture supematant of wild-type bacteria

grown in vitro (4-6, 39). Using a polyclonal antiserum raised
against IpaD, we found that this protein, like IpaB and IpaC,
was secreted into the culture supernatant of the wild-type
strain (Fig. 5, lane 1). In light of the similar phenotypes of the
ipaB2, ipaC2, and ipaD2 mutants, we tested whether one of
the IpaB, IpaC, and IpaD proteins could be involved in
export of the other two by analyzing the secreted Ipa
proteins in these three mutants. Immunoblot analysis
showed that lack of IpaB, IpaC, or IpaD did not impede
secretion of each of the other two (Fig. 5, lanes 2, 5, and 7,
respectively), which indicates that the loss of invasion of the
three ipa mutants is not due merely to a defect in secretion
of the other Ipa proteins.
The ipaB2 and ipaD2 mutants oversecrete the other Ipa

proteins. Comparison of the amounts of antigens secreted by
the wild type and the ipa mutants indicated that increased
amounts of IpaC and IpaD were present in the culture
supernatant of the ipaB2 mutant (Fig. 5, lane 2) compared
with that of the wild type and that, similarly, increased
amounts of IpaB and IpaC were secreted into the superna-
tant of the ipaD2 mutant (lane 7). In contrast, the ipaC2
mutant (lane 5) secreted similar or only slightly increased
levels of IpaB and IpaD compared with those of the wild-
type strain. These alterations could be reverted by comple-
mentation of each of the mutants with a plasmid carrying the
wild-type copy of the mutated gene, thus confirming the role
of the respective mutations in oversecretion.
To determine whether the ipaB2 and ipaD2 mutations had
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FIG. 5. Immunoblot analysis of the IpaB, IpaC, and IpaD pro-
teins secreted into the supernatant by the ipa mutants. Samples of
secreted proteins corresponding to 1 ml of bacterial culture (A600 =

1) were separated by SDS-PAGE, transferred to a nitrocellulose
membrane, and reacted with a mixture of MAbs directed against
IpaB and IpaC (upper panel) or an anti-IpaD polyclonal antiserum
(lower panel). Lanes: 1, M9OT (wild type); 2, SF620 (ipaB2); 3,
SF620, diluted 1:10; 4, SF620(pBl); 5, SF621 (ipaC2); 6, SF621
(pC1); 7, SF622 (ipaD2); 8, SF622, diluted 1:20; 9, SF622(pDl).
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FIG. 6. Immunoblot analysis of the IpaB, IpaC, and PhoA pro-

teins produced and secreted into the supematant by the ipaB2 and
ipaD2 mutants. Analysis was performed on samples of crude
extracts (CE) and secreted proteins (S) corresponding to 15 ,ul of
bacterial culture (A6w = 1), with a mixture of MAbs directed against
IpaB and IpaC (upper panel) or an anti-PhoA polyclonal antiserum
(lower panel). Lanes: 1, M9OT(pAB44); 2, SF620(pAB44); 3, SF622
(pAB44).

any effect on bacterial lysis or on the release of periplasmic
proteins, the amount of periplasmic alkaline phosphatase in
the supernatant of the mutants was compared with that of
the wild-type strain. Plasmid pAB44, which contains the
phoA gene fused to the first 64 codons of the ipgF gene (2)
and produces an exported alkaline phosphatase, was trans-
formed into the wild-type, the ipaB2, and the ipaD2 strains.
Immunoblot analysis with a polyclonal antiserum directed
against E. coli alkaline phosphatase and the mixture of
anti-IpaB and anti-IpaC MAbs was performed on crude
extracts and on secreted proteins of the transformed strains
(Fig. 6). No alkaline phosphatase was detected in the super-
natants of the strains, implying that the Ipa antigens found in
the supernatants of the ipaB2 and ipaD2 mutants were not
released through bacterial lysis or nonspecific leakage of
periplasmic proteins.

DISCUSSION

A 31-kb fragment of pWR100, the 220-kb virulence plas-
mid of S. flexneri (32), is necessary for bacterial entry into
epithelial cells in vitro (21, 34). One locus of this fragment
encodes the Ipa proteins, which are necessary for the entry
process but whose specific roles remain unknown. Tran-
scriptional analysis of this locus, which includes eight genes,
has revealed that the four ipa genes and the three upstream
ipg genes belong to a single transcriptional unit (3, 9, 34).
TnS insertion into any one of the three ipg genes drastically
reduces synthesis of the four Ipa proteins, and a full-length
mRNA that spans the whole region is required for normal
expression of theipa genes (34). In a recent work, theipaBl
mutant SC403 was constructed by allelic exchange of the
wild-type gene with an interposon-mutagenized ipaB gene

(15). However, although a constitutive promoter was in-
serted at the 3' end of the interposon, the ipaBl mutant
produced only small amounts of the downstream gene prod-
ucts IpaC and IpaD. While in trans expression ofipaB in the
ipaBl mutant could restore invasion into HeLa cells, it could
not restore the capacity to induce keratoconjunctivitis in

guinea pigs. The low levels of IpaC and IpaD in the comple-
mented ipaBI mutant probably were sufficient for invasion in
vitro but precluded infection in vivo.
The partial polar effect observed in the ipaBI mutant

highlighted the need for a cassette that could preserve
wild-type transcription of downstream genes. For this pur-
pose, we constructed a cassette carrying the aphA-3 resis-
tance gene (38) without its promoter or transcription termi-
nator. When inserted into the ipaD gene, this cassette did
not affect transcription of the downstream ipaA gene. In-
deed, an ipaA::lacZ transcriptional fusion located on the
large plasmid downstream from the cassette-induced ipaD2
mutation produced levels of 0-galactosidase activity similar
to those for the same fusion located downstream from the
wild-type ipaD gene. Furthermore, transcription of the
ipaA::lacZ fusion located downstream from the ipaD2 mu-
tation was under the control of the natural promoter of the
ipaA gene, since expression of this fusion was still under
wild-type temperature regulation. This suggests that inser-
tion of the aphA-3 cassette into any gene within an operon of
gram-negative bacteria should respect transcription of down-
stream genes.

It is likely that the involvement of the Ipa proteins in the
entry process requires stoichiometric amounts of each of
these proteins. In an attempt to ensure synthesis of wild-type
amounts of downstream gene products, a translation start
signal was placed at the 3' end of the cassette. This signal
includes the Shine-Dalgamo sequence most often encoun-
tered in genes of the 31-kb invasion fragment (5'-GGAGG-3')
and a start codon which initiates translation of the 3'
remaining portion of the mutated gene. Translation of this
fragment should allow translational coupling with a down-
stream gene(s), which might occur between some of the
overlapping or closely linked genes of the Shigella virulence
operons. We have confirmed by immunoblot analysis that
similar amounts of IpaC were synthesized by the wild-type
strain and the ipaB2 mutant and that similar amounts of IpaD
were produced by the wild-type strain and the ipaB2 and
ipaC2 mutants. Moreover, each of the three noninvasive
mutants was reverted to a fully virulent phenotype, both in
cell invasion in vitro and in the Sereny test in vivo, by in
trans expression of the corresponding wild-type gene alone.
Similarly, an aphA-3 cassette-generated mutant of the mxiD
gene, which belongs to themxi operon of the 31-kb invasion
fragment, could be restored to invasion when carrying the
mxiD gene in trans (5). Thus, when inserted into a gene of
the virulence-associated operons of Shigella strains, the
aphA-3 cassette also preserves synthesis of wild-type
amounts of downstream gene products.

Analysis of the phenotypes of theipaB2, ipaC2, andipaD2
nonpolar mutants and of an ipaA mutant obtained by inte-
gration of a suicide plasmid has confirmed that IpaB, IpaC,
andIpaD, but not IpaA, are involved in cell invasion in vitro
(15, 35). In addition, the three nonpolar mutants each failed
to enter into HeLa cells or to trigger even low levels of actin
polymerization, which demonstrates that IpaB, IpaC, and
IpaD are each necessary for entry into epithelial cells. We
have shown that the noninvasive phenotype of the ipaB2,
ipaC2, and ipaD2 mutants could not be ascribed to a loss of
adhesion to the cells. However, whereas the ipaC2 mutant
displayed a wild-type adhesive phenotype, the ipaB2 and
ipaD2 mutants bound strongly to HeLa cells. After long
infection times, the ipaB2 and ipaD2 mutants appeared in
clusters of bacteria covering HeLa cells, a phenotype that is
similar to that of the ipaBI mutant SC403 (15). The molec-
ular basis of this phenotype remains unclear. Since the ipaC2
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mutant did not display such a phenotype, the mere multipli-
cation of noninvasive bacteria on HeLa cell membranes
cannot explain this overadhesive phenotype. Rather, since
the ipaB2 and ipaD2 mutants also secrete higher amounts of
the Ipa proteins, these or other oversecreted proteins could
be involved in the enhanced adhesive properties and in the
clustering of bacteria. In any case, a defect in cell adhesion
of the ipaB2, ipaC2, and ipaD2 mutants cannot account for
loss of their invasiveness. In addition, these three ipa
mutants did not produce any hemolytic activity, which
suggests that IpaB, IpaC, and IpaD are also involved in
escape from the phagosome.
Although IpaB and IpaC have been detected at the surface

of bacteria with MAbs in a whole-cell enzyme-linked immu-
nosorbent assay (26), protection experiments have shown
that the bulk of IpaB and IpaC in wild-type cells is intracel-
lular rather than surface associated (6). Approximately 10%

of the total IpaB and IpaC is released into the supernatant of
wild-type bacteria (5, 6, 39). However, the biological func-
tion of the secreted Ipa antigens is unclear. Secreted proteins
could be active proteins involved in the entry process or

molecules detached from the surface or released from an

inner compartment of bacteria. Both surface presentation
and secretion of IpaB and IpaC are dependent on numerous

mni and spa genes, which span a 20-kb region of the invasion
fragment (4-6, 39). All mxi and spa mutants characterized so

far are noninvasive and do not present at the surface or

secrete IpaB and IpaC. We have shown that IpaD is also
secreted and that the lack of IpaB, IpaC, or IpaD does not
impede secretion of the other two Ipa proteins. This indi-
cates that none of these Ipa proteins is necessary for the
secretion of the others and thus strongly suggests that each
of these Ipa proteins is an effector of the entry process. Since
IpaB, IpaC, and IpaD are each secreted and required for the
achievement of entry into epithelial cells and escape from
the phagosome, two major hypotheses of interactions of
these three Ipa can be considered: (i) IpaB, IpaC, and IpaD
and possibly other proteins form a complex endowed with
invasive and membranolytic capacities; and (ii) one or more

of these Ipa proteins is involved in the correct presentation
or activation of another Ipa protein that can act alone as an

invasin or a membrane-lysing toxin.
Moreover, in contrast to the ipaC2 mutant, which secreted

normal amounts of IpaB and IpaD, the ipaB2 and ipaD2
mutants secreted much larger amounts of the remaining Ipa.
In the ipaB2 and ipaD2 mutants, 50% of the total Ipa
antigens were found in the culture supernatant. This pheno-
type is not due to bacterial lysis or to a nonspecific release of
periplasmic proteins, since alkaline phosphatase produced in
the ipaB2 and ipaD2 mutants was not recovered from the
supematants of these cells. This oversecretion phenotype is
reminiscent of that of thepapH mutant of Pap pilus-produc-
ing uropathogenic E. coli, which releases large amounts of
the major pilin subunit PapA into the culture medium (7).
PapH anchors the pilus to the outer membrane of the
bacterial cell (17). However, macromolecular structures,
such as pili, have not been detected at the bacterial surfaces
of invasive Shigella strains. IpaB and IpaD and to a lesser
extent IpaC might be necessary for stable maintenance of the
Ipa antigens as a complex. This putative Ipa complex could
be located either at the bacterial surface prior to invasion or

in an inner compartment from which it could be efficiently
secreted after binding to the cell. In any case, the association
of the putative complex with bacteria requires the presence

of both the IpaB and the IpaD proteins.
The Ipa proteins appear to be functionally distinct from

other bacterial invasins described so far, such as invasin of
Yersinia pseudotuberculosis (16) and intemalin of Listeria
monocytogenes (13), which are able to induce entry into
epithelial cells by themselves. The invasion process of S.
flexneni, including induced phagocytosis and lysis of the
phagosomal membrane, emerges as a complex process di-
rected by the IpaB, IpaC, and IpaD proteins whose functions
include stable maintenance of one another within or at the
surface of bacteria. The existence of an invasion complex
and, if it exists, its localization, will be important topics in
the understanding of the molecular basis of the invasive
process of S. flexneri into epithelial cells.

ACKNOWLEDGMENTS
We are pleased to acknowledge A. Allaoui for helpful discussions,

T. Adam and J. Mounier for constant advice in cellular biology, S.
Cole for the gift of anti-PhoA antibodies, and M. B. Goldberg for a
critical reading of the manuscript.

REFERENCES
1. Adler, B., C. Sasakawa, T. Tobe, S. Makino, K. Komatsu, and

M. Yoshikawa. 1989. A dual transcriptional activation system
for the 230 kb plasmid genes coding for virulence-associated
antigens of Shigella flexneri. Mol. Microbiol. 3:627-635.

2. Allaoui, A., R. Menard, P. J. Sansonetti, and C. Parsot. 1993.
Characterization of the Shigella fle-xneri ipgD and ipgF genes,
which are located in the proximal part of the mxi locus. Infect.
Immun. 61:1707-1714.

3. Allaoui, A., J. Mounier, M.-C. Pr6vost, P. J. Sansonetti, and C.
Parsot. 1992. icsB: a Shigella flexneri virulence gene necessary
for the lysis of protrusions during intercellular spread. Mol.
Microbiol. 6:1605-1616.

4. Allaoui, A., P. J. Sansonetti, and C. Parsot. 1992. MxiJ, a
lipoprotein involved in secretion of Shigella Ipa invasins, is
homologous to YscJ, a secretion factor of the Yersinia Yop
proteins. J. Bacteriol. 174:7661-7669.

5. Allaoui, A., P. J. Sansonetti, and C. Parsot. 1993. MxiD: an
outer membrane protein necessary for the secretion of the
Shigella flexneri Ipa invasins. Mol. Microbiol. 7:59-68.

6. Andrews, G. P., A. E. Hromockyj, C. Coker, and A. T. Maurelli.
1991. Two novel virulence loci, mrxiA and milB, in Shigella
flexneri 2a facilitate excretion of invasion plasmid antigens.
Infect. Immun. 59:1997-2005.

7. Baga, M., M. Norgren, and S. Normark. 1987. Biogenesis of E.
coli Pap pili: PapH, a minor pilin subunit involved in cell
anchoring and length modulation. Cell 49:241-251.

8. Bfirzu, S., F. Nato, S. Rouyre, J. C. Mazie, P. Sansonetti, and A.
Phalipon. 1993. Characterization of B-cell epitopes on IpaB, an
invasion-associated antigen of Shigella flexneri: identification of
an immunodominant domain recognized during natural infec-
tion. Infect. Immun. 61:3825-3831.

9. Baudry, B., A. T. Maurelli, P. Clerc, J.-C. Sadoff, and P. J.
Sansonetti. 1987. Localization of plasmid loci necessary for the
entry of Shigella flexneri into HeLa cells, and characterization
of one locus encoding four immunogenic polypeptides. J. Gen.
Microbiol. 133:3403-3413.

10. Casadaban, M. J., and S. N. Cohen. 1980. Analysis of gene
control signals by DNA fusions and cloning in Escherichia coli.
J. Mol. Biol. 138:179-207.

11. Clment, J.-M., and 0. Popescu. MalE as a tool for the produc-
tion of heterologous proteins in Escherichia coli. Bull. Inst.
Pasteur 89:243-253.

12. Clerc, P., and P. J. Sansonetti. 1987. Entry of Shigella flexneri
into HeLa cells: evidence for directed phagocytosis involving
actin polymerization and myosin accumulation. Infect. Immun.
55:2681-2688.

13. Gaillard, J.-L., P. Berche, C. Frehel, E. Gouin, and P. Cossart.
1991. Entry of L. monocytogenes into cells is mediated by
Internalin, a repeat protein reminiscent of surface antigens from
Gram-positive cocci. Cell 65:1127-1141.

14. Hale, T. L. 1991. Genetic basis of virulence in Shigella species.

VOL. 175, 1993



5906 MENARD ET AL.

Microbiol. Rev. 55:206-224.
15. High, N., J. Mounier, M.-C. Prevost, and P. J. Sansonetti. 1992.

IpaB of Shigella flexneri causes entry into epithelial cells and
escape from the phagocytic vacuole. EMBO J. 11:1991-1999.

16. Isberg, R. R., D. L. Voorhis, and S. Falkow. 1987. Identification
of invasin: a protein that allows enteric bacteria to penetrate
cultured mammalian cells. Cell 50:769-778.

17. Jones, C. H., F. Jacob-Dubuisson, K. Dodson, M. Kuehn, L.
Slonim, R. Striker, and S. J. Hultgren. 1992. Adhesin presenta-
tion in bacteria requires molecular chaperones and ushers.
Infect. Immun. 60:4445-4451.

18. Labigne-Roussel, A. F., D. Lark, G. Schoolnik, and S. Falkow.
1984. Cloning and expression of an afimbrial adhesin (AFA-1)
responsible for P blood group-independent, mannose-resistant
hemagglutination from a pyelonephritic Escherichia coli strain.
Infect. Immun. 46:251-259.

19. LaBrec, E. H., H. Schneider, T. J. Magnani, and S. B. Formal.
1964. Epithelial cell penetration as an essential step in the
pathogenesis of bacillary dysentery. J. Bacteriol. 88:1503-1518.

20. Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

21. Maurelli, A. T., B. Baudry, H. d'Hauteville, T. L. Hale, and P. J.
Sansonetti. 1985. Cloning of plasmid DNA sequences involved
in invasion of HeLa cells by Shigella flexneri. Infect. Immun.
49:164-171.

22. Maurelli, A. T., B. Blackmon, and R. Curtiss III. 1984. Temper-
ature-dependent expression of virulence genes in Shigella spe-
cies. Infect. Immun. 43:195-201.

23. Messing, J., and J. Vieira. 1982. A new pair of M13 vectors for
selecting either DNA strand or double digest restriction frag-
ments. Gene 19:269-276.

24. Miller, J. H. 1972. Experiments in molecular genetics. Cold
Spring Harbor Laboratories, Cold Spring Harbor, N.Y.

25. Miller, V. L., and J. J. Mekalanos. 1988. A novel suicide vector
and its use in construction of insertion mutations: osmoregula-
tion of outer membrane proteins and virulence determinants in
Vibrio cholerae requires toxR. J. Bacteriol. 170:2575-2583.

26. Mills, J. A., J. M. Buysse, and E. V. Oaks. 1988. Shigella
flexneri invasion plasmid antigens B and C: epitope location and
characterization by monoclonal antibodies. Infect. Immun. 56:
2933-2941.

27. Mounier, J., T. Vasselon, R. Hellio, M. Lesourd, and P. J.
Sansonetti. 1992. Shigella flexneri enters human colonic Caco-2
epithelial cells through the basolateral pole. Infect. Immun.
60:237-248.

28. Neu, H. C., and L. A. Heppel. 1965. The release of enzymes of
Escherichia coli by osmotic shock and during the formation of
spheroplasts. J. Biol. Chem. 240:3685-3692.

29. Oaks, E. V., T. L. Hale, and S. B. Formal. 1986. Serum immune
response to Shigella protein antigens in Rhesus monkeys and
humans infected with Shigella spp. Infect. Immun. 53:57-63.

30. Pal, T., and T. L. Hale. 1989. Plasmid-associated adherence of
Shigella flexneri in a HeLa cell model. Infect. Immun. 57:2580-
2582.

31. Phalipon, A., J. Arondel, F. Nato, S. Rouyre, J.-C. Mazie, and
P. J. Sansonetti. 1992. Identification and characterization of
B-cell epitopes of IpaC, an invasion-associated protein of Shi-
gella flexneri. Infect. Immun. 60:1919-1926.

32. Sansonetti, P. J., D. J. Kopecko, and S. B. Formal. 1982.
Involvement of a plasmid in the invasive ability of Shigella
flexneri. Infect. Immun. 35:852-860.

33. Sansonetti, P. J., A. Ryter, P. Clerc, A. T. Maurelli, and J.
Mounier. 1986. Multiplication of Shigella flexneri within HeLa
cells: lysis of the phagocytic vacuole and plasmid-mediated
contact hemolysis. Infect. Immun. 51:461-469.

34. Sasakawa, C., B. Adler, T. Tobe, N. Okada, S. Nagai, K.
Komatsu, and M. Yoshikawa. 1989. Functional organization and
nucleotide sequence of the virulence region-2 on the large
virulence plasmid in Shigella flexneri 2a. Mol. Microbiol.
3:1191-1201.

35. Sasakawa, C., K. Kamata, T. Sakai, S. Makino, M. Yamada, N.
Okada, and M. Yoshikawa. 1988. Virulence-associated genetic
regions comprising 31 kilobases of the 230-kilobase plasmid in
Shigella flexneri 2a. J. Bacteriol. 170:2480-2484.

36. Simon, R., U. Priefer, and A. Ptihler. 1983. A broad host range
mobilization system for in vivo genetic engineering: transposon
mutagenesis in Gram negative bacteria. Bio/Technology 1:784-
791.

37. Tobe, T., S. Nagai, N. Okada, B. Adler, M. Yoshikawa, and C.
Sasakawa. 1991. Temperature-regulated expression of invasion
genes in Shigella flexneri is controlled through the transcrip-
tional activation of the virB gene on the large plasmid. Mol.
Microbiol. 5:887-893.

38. Trieu-Cuot, P., and P. Courvalin. 1983. Nucleotide sequence of
the Streptococcus faecalis plasmid gene encoding the 3'5"-
aminoglycoside phosphotransferase type III. Gene 23:331-341.

39. Venkatesan, M. M., J. M. Buysse, and E. V. Oaks. 1992. Surface
presentation of Shigella flexneri invasion plasmid antigens re-
quires the products of the spa locus. J. Bacteriol. 174:1990-
2001.

J. BACTERIOL.


