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While enteroinvasive Escherichia coli (EIEC) and shigellae are genotypically nearly identical, a difference
has been reported in the infective dose to humans: EIEC is 10,000-fold less infectious than shigellae. A possible
basis for this difference lies in the inherent invasiveness of these bacteria toward epithelial cells. Thus, despite
the high degree of homology between the invasion plasmids of EIEC and shigellae, substantial differences in
genetic organization and/or sequence may exist. We have undertaken a systematic genetic analysis of the EIEC
plasmid pSF204, using transposon mutagenesis. Congo red-negative TnphoA insertion mutants (Pcr- PhoA-)
and TnphoA fusion mutants (PhoA+) were isolated and screened for the ability to invade cultured HEp-2 cells.
Most invasion-negative (Inv-) mutations mapped to a 30-kb segment of the invasion plasmid, including
homologs of the ShigelaJlexneri ipa, mxi, and spa genes. Inv- PhoA' fusions in the EIEC ipaC, nmiG, mxij,
mxiM, and nxiD homologs and in a proposed new gene, named invX, located downstream of the spa region
were identified and characterized. This analysis indicates the presence of the ipaC, mxiG, mxij, mxiM, mxiD,
and invX gene products in the EIEC cell envelope and demonstrates a strict requirement for these genetic loci
in invasion. Overall, our results suggest a high degree of genetic, structural, and functional homology between
the EIEC and S. flexneri large invasion plasmids.

Enteroinvasive Escherichia coli (EIEC) comprises a group
of organisms known to cause a dysentery-like enteritis in
humans, similar to that caused by Shigella species. Experi-
ments conducted with both chimpanzees and human volun-
teers by DuPont et al. (13) demonstrated that EIEC has the
capacity to invade intestinal epithelial cells, multiply intra-
cellularly, and produce a disease indistinguishable from
shigellosis. Genetically, EIEC pathogenesis has been shown
to be very similar to that of Shigella species in that it is
multifactorial and requires the concerted expression of genes
present both on the chromosome and on a 140-MDa plasmid
(for a review, see reference 16). Expression of plasmid genes
has been shown to be required and sufficient for the bacte-
rium to invade epithelial cells in vitro (36). In Shigella
flexneri, these genes constitute the vir regulon (16). The vir
regulon includes a 30-kb DNA stretch encompassing the
transcriptionally divergent ipa and nvci-spa genes (16). The
ipaBCD genes encode immunodominant surface-associated
proteins proposed to act as adhesins and/or invasins (7, 8,
26, 38, 44) and are conserved in EIEC (17, 18). Among the
activities also attributed to products of the ipa locus is a
contact hemolysin (IpaB) implicated in escape from the
phagosome (20, 37). Further upstream of the ipa genes lie the
mxi and spa genes, which are required for surface presenta-
tion and/or secretion of the Ipa and other proteins into the
medium (3-6, 45). The mxiA gene and the mxiB gene (also
named spa47) and other genes of the rn-spa region have
been proposed to function as a specialized export machinery
for the Ipa proteins (5, 6, 45) which, despite the lack of signal
sequences, are found at the cell surface (44). An additional
gene, icsB, which lies promoter proximal within the ipa
operon, and the unlinked icsA (virG) and virK genes are
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required for intra- and intercellular spread (2, 9, 24, 30). The
whole vir regulon is regulated by two transcriptional activa-
tors, the virB (ipaR) and virF gene products, which function
in a cascade (1, 11, 32). Repression of the plasmid vir regulon
in response to low temperature (30°C) is mediated by the
chromosomal virR (osmZ) gene product (12, 21, 22, 28), a
histone-like protein which itself directly modulates the ex-
pression of the plasmid transcriptional activator virB gene
(43). Other chromosomally encoded virulence factors in-
clude the kcpA gene product necessary for cell-to-cell spread
(31, 46) and for a positive Sereny test (14), the 0 side chain
of lipopolysaccharide (35), and products of the arg-mtl-
linked iuc locus, which encodes the aerobactin siderophore
system required for intracellular iron acquisition (23).
Although bacillary dysentery due to EIEC is clinically

indistinguishable from that caused by Shigella species (41),
studies with human volunteers place the EIEC infectious
dose several orders of magnitude higher than that of Shigella
species. Whereas fewer than 500 Shigella organisms are
sufficient to cause disease in healthy volunteers (13), more
than 106 EIEC organisms are required. It has been suggested
that this difference in infective dose may be partially due to
the fact that Shigella species are better able to survive transit
through the acidic stomach than are EIEC bacteria (15).
Alternatively, shigellae may be more successful at entering
into colonic cells than are EIEC bacteria. The latter view is
consistent with observed differential rates of invasion in
vitro (8a). Several investigations have shown that all plas-
mid-mediated and chromosomal invasion determinants iden-
tified in Shigella species are also present in EIEC (16).
However, this evidence is derived from DNA sequence
homologies determined by Southern blot analysis or from
protein similarities identified by immunoblot rather than
from detailed comparisons of DNA or protein sequences.
There is considerable heterogeneity, both inter- and in-
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TABLE 1. Characterization of Pcr and PhoA' TnphoA
insertion mutantsa

Phenotype Expression of Ipa antigen
Name

Pcr Inv B C D A

Pcr mutants
PB141 var +/- + + + +
PB143 - - + + + +
PB148 var +/- + + + +
PB151 var - + + + +
PB158 - - + + + +
PB169 - - + + + +

PhoA+ mutants
PB120 - - + + + +
PB124 - - + + + +
PB182 - - + + + +
PB200 - - + + + +
PB223 - _ + + + +
PB225 - - + + + +
PB228 - - + + + +
PB233 - - + + + +
PB234 var - + + + +
PB255 - - + + + +
PB257 - - + - - -
PB265 - - + + + +

a Pcr phenotype, Inv phenotype, and expression of Ipa antigens were
determined as described in Materials and Methods.

traspecies, in the restriction endonuclease patterns of viru-
lence plasmids isolated from S. flexneri and EIEC. There are

also differences in the apparent molecular weights of the Ipa
antigens (8a, 18). These differences may reflect functional
differences relevant to the ability to invade colonic cells, and
better invasion may translate into lower infectious dose.

In this work, we have undertaken a molecular comparison
of invasion determinants in EIEC and S. flexneri invasion
plasmids. We have found that a high degree of genetic and
structural similarity exists between the two species. While
minor differences have been found, a more extensive analy-
sis will be needed before we can assign to these differences
a role in infective dose.

MATERL41 AND METHODS

Bacterial strains and plasmids. The isolation of plasmid
pSF204 from an EIEC clinical isolate and the properties of
its transconjugant HB101(pSF204) have been described else-
where (39, 40). The mutant strains used in this study are

listed in Table 1. SM0lpir(pRT733) (42) was obtained from
R. Taylor, University of Tennessee.
Media and chemicals. Bacteria were routinely grown in L

broth (LB). For determination of the Congo red colony
phenotype (Pcr), cells were plated on Trypticase soy agar

supplemented with 0.003% dye (TS-CR) as described previ-
ously (27). For isolation ofTnphoA fusions, the chromogenic
substrate 5-bromo-4-chloro-3-indolyl phosphate, p-toluidine
salt (XP; Bachem), was included at 20 ,ug/ml. When appro-

priate, antibiotics were added in the following concentra-
tions: ampicillin, 50 ,ug/ml; kanamycin, 40 jig/ml; and strep-
tomycin, 25 jig/ml. HEp-2 cells were maintained at 37°C with
5% CO2 in RPMI 1640 (Irvine Biochemical) supplemented
with 5 mM glutamine (GIBCO) and 5% fetal calf serum

(GIBCO).
Isolation of TnphoA insertion mutants. HB101(pSF204):

TnphoA mutants were obtained by mating HB101(pSF204)
with SM1Opir(pRT733) and screened directly on LB-strep-

tomycin-kanamycin-XP for PhoA activity or alternatively on
TS-CR-ampicillin-kanamycin-streptomycin for Pcr pheno-
type. All mutants were then screened for PhoA activity, for
the ability to bind Congo red, for in vitro invasion, and, in
the case of active PhoA fusions, for regulation of PhoA
activity by temperature.

Characterization of insertions. Presence of an insertion on
the invasion plasmid was determined by examination of
BamHI digests of plasmid DNA. Southern blot analysis for
mapping of the plasmid TnphoA insertions was carried out
by using a phoA-specific oligonucleotide (5'-AATATCGC
CCTGAGC) and inserts from two pSF204 (fragment E; see
below) subclones described earlier, pRJ6 and pPS15 (39).
For further analysis of the TnphoA fusion joints, pKS+
(Stratagene) subclones were obtained by using pSF204 re-
stricted with BamHI or, when necessary, EcoRV and kana-
mycin resistance and/or PhoA+ for selection and screening.

Nucleotide sequence analysis. Single-strand sequence anal-
ysis was performed at the University of Rochester DNA
Microchemistry Core Facility by using TnphoA-specific
primers and the KS and SK primers on an automated
sequencer (Applied Biosystems). The nucleotide sequences
of both complementary strands of invXwere obtained by the
dideoxy method (33), using double-stranded purified plasmid
DNA as the template, obtained after subcloning in Blue-
script plasmids. Sequence homology searches were carried
out by using software from the University of Wisconsin
Genetics Computer Group. Homology searches for PB182
and PB233 were kindly performed by Claude Parsot (Institut
Pasteur, Paris, France).
Other methods. The gentamicin protection assay was

performed as described previously (40). Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
immunoblot analyses were carried out as described else-
where (10, 25). The Ipa-reactive monkey serum and the
rabbit-raised PhoA-specific antiserum were kind gifts from
T. L. Hale (Walter Reed Army Institute of Research, Wash-
ington, D.C.) and D. Low (University of Utah), respec-
tively.

Nucleotide sequence accession number. The nucleotide
sequence of invX has been deposited in GenBank under
accession number L18941.

RESULTS

Isolation of Pcr mutants affected in in vitro invasion. The
ability of S. flexneri colonies to adsorb the basic dye Congo
red has been correlated to virulence (27). A total of 39
TnphoA insertion mutants (PB135 to PB173) affected in the
ability to bind Congo red, half of which carried the mutation
on the large invasion plasmid pSF204, were isolated. Of
these, six mutants were retained for detailed study (Table 1).
Two different Pcr phenotypes could be distinguished. Neg-
ative (Pcr-) mutant colonies were undistinguishable from
HB101 colonies on Congo red medium, and variant (Pcrvar)
mutant colonies were different from both HB101 and
HB101(pSF204) in either tint or color intensity; e.g., some
colonies were as dark red as the parent colonies but of a
different red, and others were clearly less dark than the
parent colonies but not as clear as HB101 colonies. It should
be noted here that while determination of the Pcr phenotype
is inherently subjective, as it is affected by colony size, light,
and depth of the growth medium, as well as the eyes of the
reader, all Pcr phenotype evaluations were carried out in a
blind fashion with regard to invasion phenotype and mapping
information. None of the mutants tested were PhoA+ on
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TABLE 2. Molecular characterization of TniphoA insertions and TnphoA fusion products

Shigella PhoA activity' (U) Size (kDa) of fusion product
Strain gene/codon

no. 300C 370C Predicted Observed

HB101(pSF204) NAb 2.5
PB184(pSF204)C NA 2,023 1,412 48
Group 1
PB257 ipaC/121 6.7 23.5 61 66

Group 2
PB124 nxiD/422 5.8 33.5 92 85
PB120 rnxiDI210 12.4 100 71 66
PB265 mxiM/21 8.7 79.0 49 49
PB200 ,nxJ/60 NDd 85.5 53 52
PB225 mxiJ/20 10.3 38.0 49 49
PB233 mxiG/279 3.7 39.5 78 77
PB182 nxiGIl64 7.5 72.5 66 66

Group 3
PB255 invXI36 ND 11.5 50.5 52
PB141 spa24/203 ND 0.07
PB151 invX/44 ND 0.5

a Determined as previously described (29).b NA, not applicable.
PB184 is a chromosomal mutant derivative of HB101(pSF204) which overexpresses endogenous PhoA (38a).

d ND, not detectable.

indicator media, indicating that functional fusions were not
generated by this unselective approach. These mutants all
showed a decreased ability to invade HEp-2 cells, confirm-
ing the tight coupling between the ability to invade and the
ability to bind Congo red. Two different invasion phenotypes
(Inv) could be distinguished in addition to the parent Inv'
phenotype: noninvasive (Inv-; less than 10% of Inv' survi-
vors) and intermediately invasive (Inv"-; between 10 and
50% of Inv' survivors). All of the Pcr- or Pcrvar mutants
considered here expressed a complete set of Ipa antigens
(see below).

Isolation of PhoA+ TnphoA insertion mutants altered in
invasion ability in vitro. Of 120 PhoA+ mutants isolated, 99
were tested for the ability to invade cultured HEp-2 cells.
Thirty-five mutants were found to be either Inv- (26 mu-
tants) or Inv+1 (9 mutants). Three PhoA+ mutants were
hyperinvasive in vitro and will be described elsewhere (38a).
Most of the Inv- and Inv+' PhoA+ mutants (77%) carried
the mutation on the invasion plasmid. TIwelve of these were
retained for further characterization (Table 1). These mu-
tants expressed PhoA activity in a temperature-regulated
manner (12 of 12) (Table 2 and data not shown) and a full set
of Ipa antigens (11 of 12) (Table 1) and were defective in the
ability to bind Congo red (12 of 12), indicating an imbalance
in the mutational frequency of the Congo red genes versus
the ipa genes with use of TnphoA. Overall, these findings are
consistent with at least two distinct plasmid genetic deter-
minants within the Congo red genes, one ofwhich is required
for Ipa expression.
Mapping and transcriptional orientation of TniphoA inser-

tion mutations in the invasion plasmid. Restriction of pSF204
withBamHI generates 14 large fragments, A through N, with
estimated molecular sizes ranging from 39.5 to 2.8 kb. All
plasmid TnphoA insertion mutations with altered in vitro
invasion ability or Congo red phenotypes mapped to the
contiguous A (39.5-kb) and E (27-kb) fragments (Fig. 1).
Relative positions of TnphoA insertions on each fragment
were determined by integrating information obtained from
BamHI restriction analysis (TnphoA carries a single BamHI
site within its sequence) and Southern blot analysis using

phoA-specific and plasmid-specific probes. The PhoA+ and
Pcr- PhoA- insertion mutations considered here define a
stretch of approximately 30 kb which is essential for invasion
of HEp-2 cells. Within this segment, three clusters of PhoA+
fusions identify genetic loci encoding proteins which are
exported beyond the cytoplasmic membrane: group 1, char-
acterized by a single isolate, PB257; group 2, comprising
PB182 to PB124; and group 3, comprising PB234 and PB255
(Fig. 1). In contrast, Pcr- PhoA- insertions are less clus-
tered. Furthermore, two of these mutations (TnphoA143 and
TnphoA169) map to an area located between group 1 and
group 2 mutations where PhoA+ mutations were not found,
suggesting that these mutations may lie in genes encoding
proteins which are not exported beyond the cytoplasmic
membrane yet are required for entry. Another PhoA- mu-
tation (TnphoA1"4) carries a deletion internal to fragment E,
which does not affect the level of Ipa expression but causes
a Pcrvar colony phenotype. All PhoA+ and PhoA- mutations
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FIG. 1. Genetic map of the spa-mxi-ipa region of the S. flexneri
M9OT invasion plasmid pWR100 (bottom) and positions of TnphoA
insertion mutations on the corresponding segment of the EIEC
invasion plasmid derivative pSF204 (top). The three PhoA+ clusters
are indicated.
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which map between TnphoA1" and TnphoA"7, including
group 1 and 2 mutations, were phenotypically Pcr- (Table
1). In contrast, one mutation of group 3 (TfnhoA234) and two
PhoA- mutations (TnphoA14l and TnphoA 51) which map to
the same region were phenotypically Pcrvar. Southern anal-
ysis of the PhoA' fusions revealed two opposite transcrip-
tional orientations, with the single fusion of group 1 running
opposite those of groups 2 and 3.

Structural analysis of group 1 and group 2 TnphoA gene
fusions and fusion products. Selected plasmid mutations were
further studied with respect to the nucleotide sequence at the
point of TnphoA insertion. Restriction fragments carrying
the TnphoA insertion point were identified, isolated, and
religated into pKS', when possible using kanamycin resis-
tance and/or PhoA activity for selection. Nucleotide se-
quence analysis was carried out by using a phoA-specific
primer for TnphoA upstream sequences or an IS50-specific
primer for downstream sequence in the case of TnphoA"7.
Comparison of these sequences with Shigella plasmid se-
quences revealed close to 100% homology (data not shown)
and identified the TnphoA insertion sites (Table 2) as well as
the upstream reading frame. By this analysis, TnphoA"7
(group 1) lies in the EIEC ipaC homolog (7, 38, 44). This
finding is consistent with the Inv- and Pcr- phenotypes of
PB257 and with the cell surface association and/or excretion
of the ipaC gene product (5, 34). Furthermore, PB257
expresses a PhoA-cross-reactive fusion product with an
apparent molecular size of 66 kDa, which is in agreement
with the size predicted for the S. flexneri ipaC gene product
(Table 2). Group 2 mutations map to several mxi genes
identified in S. flexneri (Table 2) (3, 4, 31a). Again, the
relative map positions and transcriptional orientations of the
EIEC gene homologs match those of Shigella mxi genes, and
the observed phenotypes are consistent with those of mxi
mutations in Shigella species, i.e., Inv-, Pcr-, and presence
of the gene product at or near the cell surface. Apparent
molecular weights of the mxiM (TnphoA265), MXi!
(TnphoA2" and TnphoA'), and mWxG (TnphoA182 and
TnphoA"23) fusion products were also in good agreement
with predicted molecular weights of the Shigella mature
gene products.

Structural analysis of a group 3 TnphoA gene fusion and
identification of a new gene required for invasion. Surpris-
ingly, a group 3 mutation, TnphoA"5, fell within an open
reading frame located beyond spa24, the downstream-most
gene of the mnxi-spa region of the S. flexneri large invasion
plasmid (45). Two additional mutations selected for their
Pcrvar phenotype, TnphoA141 and TnphoA151, also mapped
to this locus. Both of these TnphoA insertions are in the
reverse orientation from that of TnphoA2" and accordingly
are PhoA-. Nucleotide sequence analysis downstream of
the EIEC spa24 homolog reveals a small open reading frame
with two possible translational starts and a putative leader
sequence, either 26 or 20 residues long, consistent with the
PhoA+ phenotype of PB255 (Fig. 2). While it is not possible
to identify the actual translational start without additional
data, it is worth noting that a consensus ribosome-binding
site (GGAGG) exists four nucleotides upstream of the valine
codon whereas none is found in proximity to the methionine
codon. Further analysis revealed that TnphoA141 lies 43 bp
upstream of the termination codon of the Shigella spa24
homolog (45), while TnphoA255 and TnphoA 15 are found 125
and 148 bp downstream of the proposed GUG start of the
new gene (Fig. 2). Comparison with the published Shigella
sequence, which includes a partial sequence of the proposed
gene (the first 159 nucleotides, assuming a GUG start) (45),

spa24 invX
P G * V S D I V Y M G N K A L

TCCTGCTTAGATGATGGAGGTAATOrTCTGATATAGTTTATA GGTAATAAGGCTCTT 60

Y L I L I F S L W P V G I A T V I G L T
TATTTAATCCTTATCTTTTCCTTATGGCCAGTAGGTATAGCTACGGTTATTGGATTAACT 120

I G L L Q T V T Q L Q E Q T L P F G I K
ATTGGTTTATTACAGACAGTGACTCAACTTCAAGAGCAGACACTTCCTTTTGGTATAAAG 180

>TnphoA255 <Tnpho151

L I G V S I S L L L L S G W Y G E V L L
CTTATAGGTGTCTCAATATCTTTGCTACTTCTTTCTGGATGGTATGGTGAGGTTTTATTG 240

S F C H E I M F L I K S G V *

TCTTTTTGTCATGAAATAATGTTTTTAATTAAGAGTGGGGTTTGA 285

FIG. 2. Nucleotide sequence of the proposed invX gene and
predicted amino acid sequence. The positions of two possible
translational starts (underlined), of the putative start of the mature
protein (.), and of two invX TnphoA insertions are indicated.

reveals near identity with the EIEC sequence, including the
proposed leader sequence and leader peptidase processing
site. Three substitutions, an A-NT, an A- G, and a T-IC at
positions 117, 129, and 150, respectively (Fig. 2), generate a
single conservative amino acid change: a threonine-for-
serine substitution at amino acid 32 of the Shigella sequence.
The predicted amino acid sequence of the mature gene
product, assuming a processing site located as indicated in
Fig. 2, is 60 amino acids long, for a calculated molecular
mass of 6,528 Da. The observation by immunoblot of a
mature PhoA hybrid product of the expected molecular
weight and the regulation of its expression by temperature
further indicate that this gene is expressed in E. coli (Table
2). We conclude that these mutations (TnphoA255 and
TnphoA151) define a new gene whose product is a cell
envelope-associated or secreted protein which is required
for invasion of HEp-2 cells. An alternative possibility is that
these mutations exert a negative polar effect on unidentified
downstream genes which are themselves essential for inva-
sion. TnphoA14l, because of its upstream proximity to the
proposed new gene start site, may also exert its phenotype
through polarity on the proposed new gene or unidentified
downstream genes. In view of the phenotype of the mutant,
we have designated this new gene invX.

ipa gene expression in TniphoA insertion mutants. Expres-
sion of the ipa genes was determined by immunoblot analy-
sis using immune serum from a monkey which had recovered
from a Shigella infection. We found minor differences in the
apparent molecular weights of antigens encoded by the
EIEC plasmid, pSF204, and those encoded by the plasmid of
S. flemenri M9OT, pWR100 (data not shown). As in S.
flexneri, expression of the Ipa homologs was repressed at
300C. The band from HBlOl(pSF204) corresponding to IpaB
uniquely appears as a doublet (Fig. 3). However, expression
of the upper band of the doublet is present at the nonper-
missive temperature (Fig. 3), suggesting that this band may
actually not be a posttranslational product of ipaB. Instead,
this band may correspond to the product of the ipaH gene
homolog, since the IpaB and IpaH proteins have similar
molecular masses in S. flexneri (62 kDa versus 60.8 kDa)
(19). Mutant PB257 (group 1) was the only mutant exhibiting
an altered Ipa pattern. In this mutant, only the IpaB homolog
band is being expressed. This finding is consistent with
TnphoA25'7 lying in the ipaC gene homolog of EIEC and the
known genetic organization of the ipa locus in shigellae; i.e.,
the observed polarity on ipaD and ipaA suggests a similar
ipaBCDA gene order. As in shigellae, mutations which
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FIG. 3. Ipa antigen expression in TnphoA mutants. Immunoblot
analysis was carried out with serum from a monkey which had
recovered from shigellosis. Bacterial lysates (15 pl) resuspended in
SDS-PAGE sample buffer (200 pl) from cultures (1.5 ml) grown to
mid-log phase (optical density at 600 nm of 0.7) at 30'C (odd-
numbered lanes) or 370C (even-numbered lanes) were loaded in each
lane. Lanes: 1 and 2, HB101; 3 and 4, HB101(pSF204); 5 and 6,
PB182; 7 and 8, PB257. The Ipa pattern of PB182 is representative
of all mutants listed in Table 1 except PB257. Positions of the IpaA
(78-kDa; A), IpaB (62-kDa; B), IpaC (43-kDa; C), and IpaD (37-kDa;
D) antigens are indicated.

reside in the transcriptionally divergent mxi-spa region of the
plasmid as well as mutations in invX had no effect on the
level of ipa expression in the E. coli background.

DISCUSSION

We have used the ability of enteroinvasive bacteria to bind
Congo red and that of surface-associated proteins to form
enzymatically active hybrids with alkaline phosphatase to
isolate mutants of an ETEC derivative, HB101(pSF204),
which are altered in the ability to invade cultured HEp-2
cells. All Pcr- mutants isolated were less invasive than the
parental strain. Expectedly, approximately half of the Pcr-
TnphoA insertions mapped to the large invasion plasmid,
while the other half resided on the chromosome (data not
shown). This is not surprising, since the Pcr phenotype is
thought to be due to specific surface protein complexes
whose structural genes lie on the large invasion plasmid and
which would require chromosomally encoded proteins for
synthesis, folding, secretion, and assembly. PhoA' TnphoA
insertion mutations were unexpectedly frequently (38%)
associated with loss of invasive function. This may be a
reflection of the relatively high number of genes encoding
secreted products which are required for invasion.

Analysis of the Pcr- and PhoA' TnphoA plasmid mutants
identified a 30-kb DNA segment which is required for
invasion (Fig. 1). These data confirm those obtained earlier
by using TnS mutagenesis and complementation analysis of
the same plasmid (39). Pcr- PhoA- mutations were rela-
tively more spread out than the PhoA' mutations, which
were clustered in three distinct areas. This finding implies
that plasmid genes encoding both envelope-associated pro-
teins and cytoplasmic or inner membrane proteins are re-

quired for invasion, as has been observed in Shigella spe-
cies. Overall, our results indicate a high degree of structural
and functional homology between Shigella species and

EIEC in regions of the plasmid corresponding to the genes of
the ipa, nmi, and spa loci (3, 4, 7, 38, 44, 45). Analysis of the
EIEC plasmid mutations revealed near identity of the EIEC
plasmid pSF204 to the S. flexneri plasmid pWR100 with
regard to gene order, gene size, intergenic distances, tran-
scriptional orientation, and regulation of gene expression by
temperature. Furthermore, PhoA' fusions were selectively
found within genes already known to encode secreted prod-
ucts in S. flexneri, namely, ipaC (7, 38, 44), mxiD (4), mxiM
(3), mxiJ (3), and mxiG (31a). Finally, comparisons of the
molecular weights of the PhoA hybrid polypeptide observed
in the EIEC mutants with those predicted for S. flexneri
(Table 2) and of the single-strand nucleotide sequences at the
fusion sites (data not shown) revealed no significant differ-
ences between the EIEC and Shigella gene products consid-
ered here.

Analysis of three TnphoA mutations located at one end of
the 30-kb plasmid segment identified a new, previously
undescribed gene, invX, located immediately downstream of
the spa24 homolog. Comparison of the nucleotide sequence
of the proposed invX with a stretch of Shigella sequence
downstream of spa24 (45) reveals near identity and conser-
vation of the proposed reading frame. Furthermore, the
primary structure of the 26 amino-terminal amino acid resi-
dues in both EIEC and Shigella species suggests that this
region may function as a leader peptide during secretion of
the protein product (Fig. 2). This is consistent with the
detection by immunoblot of a PhoA-cross-reactive hybrid
polypeptide with an apparent molecular weight of 52,000 in
PB255. Taken together, these data support the existence of
invX in both species and, with the caveat of possible polar
effects toward other undetected downstream genes, suggest
a role for the invX gene product in invasion. It is tempting to
hypothesize a function for invX akin to that of the nxi and
spa genes in view of the presence of invX in the same
operon. In preliminary experiments, excretion of the Ipa
antigens was shown to be similarly negatively affected in
mxiD, mxiM, mxij, mxiG, spa24, and invX mutants (22a). It
may nevertheless be significant that two of three mutations
in the proposed invX gene and one immediately upstream
exhibited Pcrvar phenotypes (Table 2). This observation
distinguishes mutations in this locus from mutations in the
mxi genes, which all produced a Pcr- phenotype indistin-
guishable from that of plasmid-free HB101. Thus, invX
mutants, in contrast to mnxi mutants, may retain some ability
to bind Congo red via unique surface properties.

In conclusion, within the limitations of our analysis and
notwithstanding the possible role of point mutations, no
extensive structural difference could be observed between
some of the essential invasion plasmid genes of EIEC and S.
flexneri. While this finding supports the earlier observation
that the EIEC and Shigella plasmids are structurally and
functionally equivalent, it does not solve the question of
differential infectivity between the two species. In this
respect, the findings that minor structural differences exist
equally in all sequences analyzed in this study (data not
shown) and that small molecular weight differences in the
Ipa antigens can also be observed suggest that the difference
between EIEC and Shigella infectivity may not be the result
of a single quantum loss or gain of an invasion determinant.
Rather, the observed difference in infectivity may result
from the cumulative effects of a series of small changes in
many genes, including chromosomal genes and genes of the
plasmid vir regulon.
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ADDENDUM IN PROOF

A recent article (C. Sasakawa, K. Komatsu, T. Tobe, T.
Suzuki, and M. Yoshikawa, J. Bacteriol. 175:2334-2346,
1993) reports the nucleotide sequence analysis of eight genes
in region 5 of the plasmid of S. flexnen 2a; one of these
genes, the one labeled spa9 (ORF7), corresponds to invX of
EIEC.
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