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Salmonella spp. possess a conserved type III secretion system encoded within the pathogenicity island 1
(SPI1; centisome 63), which mediates translocation of effector proteins into the host cell cytosol to trigger
responses such as bacterial internalization. Several translocated effector proteins are encoded in other regions
of the Salmonella chromosome. It remains unclear how this complex chromosomal arrangement of genes for the
type III apparatus and the effector proteins emerged and how the different effector proteins cooperate to
mediate virulence. By Southern blotting, PCR, and phylogenetic analyses of highly diverse Salmonella spp., we
show here that effector protein genes located in the core of SPI1 are present in all Salmonella lineages.
Surprisingly, the same holds true for several effector protein genes located in distant regions of the Salmonella
chromosome, namely, sopB (SPIS, centisome 20), sopD (centisome 64), and sopE2 (centisomes 40 to 42). Our
data demonstrate that sopB, sopD, and sopE2, along with SPI1, were already present in the last common
ancestor of all contemporary Salmonella spp. Analysis of Salmonella mutants revealed that host cell invasion is
mediated by SopB, SopE2, and, in the case of Salmonella enterica serovar Typhimurium SL1344, by SopE: a
sopB sopE sopE2-deficient triple mutant was incapable of inducing membrane ruffling and was >100-fold
attenuated in host cell invasion. We conclude that host cell invasion emerged early during evolution by
acquisition of a mosaic of genetic elements (SPI1 itself, SPIS [sopB], and sopE2) and that the last common

ancestor of all contemporary Salmonella spp. was probably already invasive.

Salmonella spp. are enteropathogenic bacteria that cause
diseases that range from a mild gastroenteritis to systemic
infections. The type of disease is determined by the virulence
characteristics of the Salmonella strain as well as by the host
species. Detailed phylogenetic analysis by multilocus enzyme
electrophoresis and DNA sequencing has demonstrated that
the genus Salmonella includes the two species Salmonella bon-
gori and Salmonella enterica (46). S. enterica has been further
subdivided into seven distinct “subspecies” (3).

Salmonellae diverged from Escherichia coli about 100 to 160
million years ago (9, 45); the different Salmonella lineages
diverged about 50 million years ago (33). Data from DNA
hybridization experiments indicate that Salmonella spp. harbor
about 400 to 800 kb of DNA that is absent from the E. coli
genome (47). Much of this additional DNA has played a role
in the evolution of Salmonella as a pathogen.

Acquisition of the type III secretion system encoded in Sal-
monella pathogenicity island 1 (SPI1) is considered as a “quan-
tum leap” in the evolution of Salmonella as a pathogen (16).
This type III system allowed the bacteria for the first time to
translocate effector proteins into the cytosol and to modulate
signal transduction pathways within host cells (14). The SPI1
type III secretion system plays a role in the penetration of the
host’s ileal mucosa and the induction of diarrhea in the bovine
ileum (13, 51, 53). In tissue culture experiments, the SPI1 type
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IIT secretion system facilitates induction of apoptosis in mac-
rophages (5, 23, 38), chloride secretion (15, 42), interleukin 8
production (6, 24), membrane ruffling, and invasion into
nonphagocytic host cells (14). These responses are thought to
be triggered by the effector proteins, which are translocated
into the host cells via the SPI1 type III secretion system. Tissue
culture cell infection experiments have identified at least nine
different effector proteins that are translocated into host cells
via this route (1, 8, 11, 15, 18, 30, 36, 50, 54, 56). However,
disruption of a single gene for a translocated effector protein
has often resulted only in minor virulence defects. It has been
speculated that this might be due to functional redundancy
between different translocated effector proteins. According to
this theory, it would be necessary to delete all redundant ef-
fector proteins mediating a certain virulence function (i.e., host
cell invasiveness) in order to obtain virulence defects compa-
rable to those observed with Salmonella enterica serovar Ty-
phimurium mutants with a defective type III secretion appa-
ratus. Such mutants have not been described so far. Therefore,
it has been difficult to unequivocally assign virulence functions
to most of the translocated effector proteins.

Phylogenetic analyses have demonstrated that the SPI1
genes encoding essential components of the type III secretion
apparatus were acquired very early on when Salmonella spp.
diverged from other enterobacteria (4, 35). These genes are
present in S. bongori and all subspecies of S. enterica, and
phylogenetic trees constructed on the basis of sequence poly-
morphisms detected within these genes are similar to the phy-
logenetic tree that had been constructed on the basis of poly-
morphisms in “housekeeping” proteins (4, 33, 35).
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However, the translocated proteins are the actual mediators
of the virulence phenotypes associated with the SPI1 type III
secretion system. Therefore, acquisition of this secretion sys-
tem would only be beneficial if it was accompanied by the
acquisition of effector proteins mediating some basic virulence
function(s). Phylogenetically old effector proteins present in all
Salmonella spp. would therefore be prime candidates as medi-
ators of central virulence functions associated with the SPI1
type III secretion system. However, the conservation of effec-
tor protein genes between diverse Salmonella lineages has not
yet been analyzed.

In the present study, we have analyzed the distribution of
genes for SPIl-dependent translocated effector proteins lo-
cated within and outside of SPI1. The genes for translocated
proteins with putative effector function located within SPI1
were present in all Salmonella spp. tested, including S. bongori
and all subspecies of Salmonella enterica. The hypervariable
gene avrA (18) was the only exception. Interestingly, the effec-
tor protein genes sopB, sopD, and sopE2, which are located in
different regions of the Salmonella chromosome, were present
in all Salmonella lineages, suggesting that these effector pro-
teins may serve central virulence functions. Analysis of S. en-
terica serovar Typhimurium mutants revealed that two of these
proteins are actually the mediators of invasion into nonphago-
cytic host cells. These data are discussed in the context of the
evolution of Salmonella spp. as a pathogen.

MATERIALS AND METHODS

Bacterial strains. The strains of the Salmonella reference collection C (SARC)
(3), S. enterica serovar Typhimurium SL1344 sopE™ sopE2™ sopB™ sopD™ (25),
the enteropathogenic E. coli strain E 2348/69 (29), and Yersinia enterocolitica
WA-C(pYVO08) (22) have been described previously. Strain SARC14 did not
grow and was omitted from this investigation. Shigella flexneri S1227 is a clinical
isolate from a patient of the Institut fiir Hygiene und Mikrobiologie (Universitét
Wiirzburg, Wiirzburg, Germany). S. enterica serovar Typhi X3744 was provided
by J. E. Galan (Yale University, New Haven, Conn.).

All recombinant Typhimurium strains used in this study are derivatives of S.
enterica subspecies I serovar Typhimurium strain SL1344 (25). Strains carrying
mutations in sopE (SB856 sopE sopE2* sopB* sopD™) (20) or invG (SB161
sopE™ sopE2" sopB* sopD™) (31) were generously provided by J. E. Galan.
Strains M200 sopE™* sopE2 sopB™ sopD™ and M202 sopE sopE2 sopB™* sopD*
have been described previously (50). M201 sopE™ sopE2 sopB™ sopD™ was
constructed by integration of the suicide vector pGP704 (Amp"), carrying the
internal fragment bp 17 to 655 of sopE2 from S. enterica serovar Typhimurium
SL1344 into the chromosome of strain SL1344 (S. Stender and W.-D. Hardt,
unpublished observations).

To disrupt the sopD gene, the suicide vector pM506 (Tet") was integrated into
the chromosome of SL1344 by single recombination, yielding M500 sopE™
sopE2* sopB™ sopD. To obtain an in-frame deletion of sopB, the suicide vector
pMS508 (Tet") was integrated into the chromosome of SL.1344 by single recom-
bination, followed by a second recombination forced by selection on sucrose
plates, yielding M509 sopE™ sopE2" sopB sopD™*. The strain M516 sopE sopE2
sopB sopD™ was constructed by repeated phage P22-mediated transduction of
the sopE::aphT allele of SB856 (20) and the sopE2::pM218 allele (Tet") of M200
(50) into M509 (described above). M511 sopE sopE2 sopB sopD was constructed
by sequential phage P22-mediated transduction of the sopE:aphT allele of
SB856 (20), the sopE2::pM219 allele (Amp") of M201 (Stender and Hardt,
unpublished), and the sopD::pM506 allele of M500 (described above) into M509
sopE™ sopE2" sopB sopD™ (described above).

The gene disruptions and deletions were confirmed by Western blot analyses
with polyclonal antisera directed against SopE (37), SopB (this study), or SopE2
(50); by PCR; and by Southern blot analyses.

For all functional assays, bacteria were grown for 12 h in Luria-Bertani (LB)
medium supplemented with 0.3 M NaCl, diluted 1:20 into fresh medium, and
grown for another 4 h under mild aeration to reach an optical density at 600 nm
(ODgq) of 0.9.
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Southern blot hybridization. Chromosomal DNA of bacterial strains was pre-
pared by standard protocols with the QIAamp DNA Mini kit as recommended
by the manufacturer (Qiagen). The chromosomal DNA was digested with
EcoRV (unless stated otherwise), run on 0.8% agarose gels, and transferred onto
nitrocellulose membranes (Bio-Rad) by capillary blotting according to standard
protocols (49). The DNA probes used for hybridization were random-prime
labeled with exonuclease-free Klenow polymerase and fluorescein-modified
dUTP as recommended by the manufacturer (Amersham/Pharmacia). Hybrid-
ization was performed at 56°C (unless stated otherwise) in a buffer containing
0.75 M NaCl, 75 mM sodium citrate (pH 7), 0.1% sodium dodecyl sulfate, 5%
dextran sulfate, and 100 pg of salmon sperm DNA per ml. The hybridization
signals were detected with an a-fluorescein-horseradish peroxidase conjugate
and a chemiluminescent substrate according to protocols provided by the man-
ufacturer (Amersham/Pharmacia).

The following DNA probes were prepared by PCR as described in Table 1,
with chromosomal DNA from S. enterica serovar Typhimurium SL1344 or S.
enterica serovar Typhi X3744 as a template. The following temperature cycles
were used: sopB, sipC, and sipB, 33 cycles of 95°C for 30 s, 50°C for 30 s, and 72°C
for 2 min; sipA, sptP, and sopD, 33 cycles of 95°C for 30 s, 51°C for 30 s, and 72°C
for 3 min; cysl, p120, and ApaB, 95°C for 30 s, 53°C for 30 s, and 72°C for 3 min;
and probe a (Fig. 1D) and probe b (Fig. 1D), 95°C for 30 s, 53°C for 30 s, and
72°C for 2 min.

Recombinant DNA techni Cloning of DNA fragments was performed
according to standard protocols (49). Coding regions of sopB genes from Sal-
monella strains SARC7, SARCI10, and SARC11 were retrieved by PCR with
primers designed on the basis of the Dublin sopB sequence (accession no.
AF060858; 5'-TGCTCTAGACATGCAAATACAGAGCTTCTATCA and 5'-
AAGCTTGGCATAAAGGGACAGCACA,; 33 cycles of 95°C for 30 s, 50°C for
30 s, and 72°C for 2 min) and cloned into the EcoRV site of pMOSBlue
(Amersham/Pharmacia), yielding pM53 (SARC?7), pM52 (SARC10), and pM62
(SARCI11).

PCR primers to amplify sopD were designed on the basis of the Dublin
sequence (accession no. AF060858; 5'-CGGGATCCAGCGCAGATAAAGAA
AAAGC and 5'-GCTCTAGAAAGCGAGTCCTGCCATTG; 34 cycles of 95°C
for 30 s, 51°C for 30 s, and 72°C for 3 min). PCR products were cloned into
pCR-Blunt II-TOPO vector as recommended by the manufacturer (Invitrogen),
yielding the vectors pM56 (SARC7), pM57 (SARC10), and pM58 (SARCI11).

sopE2 primers were designed on the basis of the Typhimurium sequence
(accession no. AF217274; 5'-CTCTTTCATAACGATTTTCTCAGC and 5'-GG
ATATCAAAGGTAATGCGAGTAA; 34 cycles of 95°C for 30 s, 53°C for 30's,
and 72°C for 2 min). PCR products were cloned into pCR-Blunt II-TOPO vector,
yielding the vectors pM59 (SARC7), pM60 (SARC10), pM61 (SARCI11), and
pM63 (SARCI12). The sequences were determined by using three independent
clones, the Ready Reactions Dye Deoxy Terminator cycle sequencing kit (Ap-
plied Biosystems), and an Applied Biosystems model 377XL automated se-
quencer.

PCR analysis of the sopD region (Fig. 1C) was done with the following
primers: primer 1, 5'-GGGCGGGGTGATTACTA; primer 2, 5'-GCGACCAC
CGATGAAGA; primer 3, 5'-CGGCGGATAACACGATT; primer 4, 5'-CCG
CCAGACCTTCCAG; primer 5, 5'-CGGGATCCAGCGCAGATAAAGAAAA
AGC; and primer 6, 5-CAGCGCAGATAAAGAAAAAG. The primer
combinations were as follows: primers 1 and 5 (ca. 3.3-kb product), SARCI,
SARC2, SARC7, SARCS, SARCY, SARC10, SARC13, SARCI1S5, and SARCI6;
primers 2 and 5 (ca. 2.3-kb product), SARC3 and SARC4; primers 3 and 6 (ca.
2.4-kb product), SARCS; and primers 4 and 6 (ca. 3-kb product), SARC11 and
SARCI12 (with 34 cycles of 95°C for 30 s, 51°C for 30 s, and 72°C for 5 min). PCR
analysis of the SopB/SPIS locus (Fig. 1D) was performed with the following
primers: primer 7, 5'-TTAACGGGCGAAGAGTATT; and primer 8, 5'-TTCC
GGCTTTATTTTTACC (with 34 cycles of 95°C for 30 s, 53°C for 30 s, and 72°C
for 11 min). The PCR products were 8.5 kb for strains SARC1, SARC2, SARCS,
SARC6, SARC7, SARCS, SARCY, SARC10, SARC11, SARCI1S, and SARC16
and 6 kb for strain SARC13. For construction of the suicide vector pM506, an
internal fragment (bp 73 to 604) of sopD from Typhimurium SL1344 was ob-
tained by PCR (primers 5'-CGGGATCCAGCGCAGATAAAGAAAAAGC
and 5'-GCTCTAGAAAGCGAGTCCTGCCATTC; 33 cycles of 94°C for 30 s,
54°C for 30 s, and 72°C for 1 min 20 s) and cloned into the suicide vector pSB377
(Tet" oriR6K) (31).

A chromosomal DNA fragment from Typhimurium SL1344 harboring the
open reading frames (ORFs) of sopB and pipC, including 368 bp located up-
stream of sopB and 814 bp downstream of pipC, was amplified by PCR (primers
5'-CCCAAGCTTTCGTCACGGTCTTACTTGTCC and 5'-GCGGCCGCCCG
TTGACATCCTCCAGAA; 33 cycles of 94°C for 30 s, 54°C for 30 s, and 72°C for
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TABLE 1. DNA probes for Southern blot hybridizations

Probe Size Organism PCR primer” or cloned DNA fragment Source or reference

sipC 1.2 kb S. enterica serovar Typhimurium ATGTTAATTAGTAATGTGGGA This study
TTAAGCGCGAATATTGCCTGC

sipB© 1.4 kb S. enterica serovar Typhimurium CTAAAAACGGCGGAGACA This study
AATCGTTTCGCCCATCA

sipA 1.8 kb 8. enterica serovar Typhimurium CCGCAGTCAGAGCAAAGT This study
TGCAATCTCAGCCAGTTTT

sptP 1.5 kb S. enterica serovar Typhimurium AGTATTAACCTGGCTTGGAAAA This study

CAAACTGTGAGGCGTCTTCC

avrA 1kb S. enterica serovar Typhimurium EcoRV fragment of pSB1136

sopB® 1.7kb  S. enterica serovar Typhimurium

Hardt and Galdn, unpublished

TGCTCTAGACATGCAAATACAGAGCTTCTATCA This study

AAGCTTGGCATAAAGGGACAGCACA

sopD 1 kb S. enterica serovar Typhi

TAAGCTTCGGTAATCATCAAA

This study

TGCACCCATCTTTACCAAT

sopE 723 bp  S. enterica serovar Typhimurium Acc651-Xbal fragment of pSB1167

Hardt and Galdn, unpublished

sopE2 723 bp . enterica serovar Typhimurium EcoRI-Xbal fragment of plasmid pM202 50

cysl 1.35 kb 8. enterica serovar Typhimurium GGGCGGGGTGATTACTA This study
CCGCTTCACGCTCTTTC

p120 1.3 kb S. enterica serovar Typhi GGACGCCTTTCTGACACA This study
ATCGGTTGATGCTGGAAA

hpaB 1.35 kb S. enterica serovar Typhimurium TTAACGGGCGAAGAGTATT This study
TGGCTGCCCGAGTAGTT

Probe a 1kb S. enterica serovar Typhi GTTCGGCGCTCAGTCC This study
AACGGCGAAAGCAAGAT

Probe b 13 kb  S. enterica serovar Typhi TCGTACCCAGGAGTCACATA This study
CCCTGGCCTGAGAGAATC

“ The sequences of both PCR primers are shown 5’ to 3'.
? Also includes 150 nt of the adjacent pipC gene.
¢ Also includes 50 nt of the adjacent sic4 gene.

2 min) and cloned into pACYC184 (NEB), yielding the low-copy SopB expres-
sion vector pM515. The construct was verified by DNA sequence analysis.

To construct a suicide vector for deletion of sopB, we amplified the sequences
located directly upstream (primers 5'-CGGGATCCGCGTTACGCAATCACT
ATC and 5'-GCTCTAGAAGCCTCCTGGGTTTTTAGTGA,; 33 cycles of 95°C
for 30 s, 55°C for 30 s, 72°C for 3 min) or downstream of sopB (primers
5'-GCTCTAGAAAAAATTTATCGCCAGAGGTG and 5'-GCGGCCGCCCG
TTGACATCCTCCAGAA; 33 cycles of 95°C for 30 s, 55°C for 30 s, 72°C for 3
min) by PCR and cloned the PCR products into pBluescript SKII™ (Stratagene),
yielding pM502 and pM503. The inserts of both vectors were verified by DNA
sequence analysis. The insert of pM502 was cloned into pM503, yielding pM505,
and the resulting insert was subcloned into the BamHI and Notl sites of the
suicide vector pSB890 (a derivative of pGP704; oriR6K Tet" sacAB) (W.-D.
Hardt and J. E. Galan, unpublished observations), yielding the suicide vector
pM508 used for deletion of sopB.

Gentamicin protection assay. COS7 tissue culture cells were grown for 2 days
in Dulbecco’s modified Eagle’s medium (DMEM) with 5% fetal bovine serum
(FBS) in 24-well dishes to reach 80% confluency. The culture medium was
removed, and 500 pl of Hanks’ buffered salt solution (HBSS) was added 3 min
before addition of the bacteria. Bacteria were grown for 12 h in LB medium
supplemented with 0.3 M NaCl, diluted 1:20 into fresh medium, and grown for
another 4 h under mild aeration to reach an ODg, of 0.9. The number of CFU
per milliliter was determined by plating appropriate dilutions on LB agar. To
start the assay, bacteria were added to COS7 cells at a multiplicity of infection
(MOT) of 20 and incubated for 50 min at 37°C in 5% CO,. The cells were washed

three times with HBSS and incubated in a mixture of 500 wl of DMEM, 5% FBS,
and 400 pg of gentamicin per ml for 2 h at 37°C in 5% CO,. Cells were washed
three times with 1X phosphate-buffered saline (PBS) and then lysed in 1X
PBS-0.1% Na-deoxycholate, and the number of intracellular bacteria (CFU) was
determined by plating on LB agar. To allow direct comparison, the CFU were
corrected for the number of the bacteria of the inoculum. The invasiveness of the
wild-type strain was set equivalent to 100%, and the invasiveness of the mutant
strains was calculated as a percentage of that of the wild type. The numbers given
were determined in at least six independent experiments for each strain.

Macrophage cytotoxicity assay. J774 tissue culture cells were grown on glass
coverslips for 2 days in DMEM-10% FBS in 24-well dishes to reach 80 to 90%
confluency. Culture medium was replaced with 500 wl of HBSS 3 min before
addition of the bacteria. Bacteria were grown for 12 h in LB medium supple-
mented with 0.3 M NaCl, diluted 1:20 into fresh medium, and grown for another
4 h under mild aeration to reach an ODg, of 0.9. To start the assay, J774 cells
were infected at an MOI of 10 and incubated for 45 min at 37°C in 5% CO,. Cells
were washed three times with HBSS and stained with ethidium homodimer
(Molecular Probes [2 uM in HBSS]) for 25 min at 37°C in 5% CO,. Afterwards,
the cells were washed twice with HBSS and examined for nuclear staining by
fluorescence microscopy. In three independent experiments, at least 300 cells
were evaluated for each bacterial strain. The cytotoxicity of the wild-type strain
(number of ethidium homodimer-stained cells/total number of cells evaluated)
was normalized to 100%, and the cytotoxicity of the mutant strains was calcu-
lated as a percentage of that of the wild type.
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FIG. 1. Chromosomal loci encoding effector proteins translocated via the SPI1 type III secretion system. Genes encoding known translocated
effector proteins are shown in black, other genes in the loci (islands) are shaded gray, and adjacent genes with strong similarity to genes from E.
coli are shown in white. Positions of primers (black arrows) and probes (black bars) used for mapping the loci are indicated (Table 1). (A) SPI1.
(B) Chromosomal map of S. enterica subspecies I serovar Typhimurium showing the locations of SPI1 and several effector protein genes located
outside of SPI1. SopE®, the lysogenic bacteriophage encoding SopE, is integrated into the chromosome of several Typhimurium strains at the
indicated site (37). SopB is encoded within SPI5 (55). (C) Map of the sopD region as derived from reference 30 and from the S. enterica serovar
Typhi genome sequence (ftp:/ftp.sanger.ac.uk/pub/pathogens/st). (D) Map of SPIS, which encodes the translocated effector protein SopB. §
indicates the position of an IS200 insertion element present in the SPI5 sequence of S. enterica subspecies I serovar Typhi (information from the
Sequencing Project at the Sanger Center; figure adapted from reference 55), but absent from SPIS from serovar Dublin (accession no. AF060858).
(E) Map of the sopE2 region as inferred from the S. enterica serovar Typhi genome sequence (ftp:/ftp.sanger.ac.uk/pub/pathogens/st). sopE2
(black) forms the left border of a ca. 60-kb inserted region with little similarity to E. coli sequences. An ORF (gray) with sequence similarity to
integrases from lambdoid phages is located at the right border of this inserted region. ORFs with sequence similarity to genes from the centisome
41.2 to 41.6 region of the E. coli chromosome are shown in white.

Nucleotide sequence accession numbers. The nucleotide sequences of the RESULTS
sopE2, sopD, and sopB genes analyzed have been deposited in GenBank under
the following accession numbers: sopE2, AF323070 (SARC?7), AF323071 Except for avrd, all effector protein genes located within
(SARC10), AF323072 (SARC11), and AF323073 (SARCI12); sopD, AF323074 SPI1 ti 11 Sal lla SPI1 d t I
(SARC7), AF323075 (SARCI10), and AF323076 (SARCI1); and sopB, are present in all Salmonetla Spp. encodes a type

AF323077 (SARC7), AF323078 (SARC10), and AF323079 (SARCI1). translocation system, as well as several proteins (including
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TABLE 2. Distribution of genes for SPI1-dependent effector proteins®

SARC strain number

subspecies sipA_sipB

sipC avrA sopB sopD sopE2 sopE

v ¥+ +  F P P s .
12 (8. bongor) +  + + + 4S5 5P 4S8 -
¥+ F F BF P P -

I ¥+ e 4P 4P o4s g

- P -

Ila i i i - ::-_S/P iS/P IS -

m F F F F Ao+ -

+  + 4+ 4 4 4SP 4s .

Vi T R R = S =

¥+ F - B 7 -

- + + 4+ - 45 4 .

Vil ¥ ¥ + F + F = +

+ +  + 4P 4P+ o+

v ¥ ¥ + - F ¥ B ¥

+ 4+ o+ = 4P 4P+ 4

¢ Analysis of the chromosomal location sopB, sopD, or sopE2 was performed by Southern blotting (S), PCR (P), or both
techniques (S/P). Primers and probes are described in Table 1, Fig. 1, and Materials and Methods. The bar marked 0.1
represents the relative genetic distance as adopted from reference 3. *, with SARC13, the PCR product (primers 7 and
8) was only 6 kb, while SARC strains 1, 2, 5 to 11, 15, and 16 yielded an 8.5-kb product.

AvrA, SptP, SipA, SipD, SipC, and SipB), which are secreted
and/or translocated into the host cell (Fig. 1A). SipB, SipC,
and SipD are necessary for efficient delivery of effector pro-
teins into host cells (8). In addition, SipB may also have some
effector function that induces cell death in host cells (23, 39).
SipC has also been suggested to have an effector function
related to the invasion process (21 [however, see below]). SipA
is capable of stabilizing polymerized actin structures and sup-
porting bacterial entry (56). SptP has a tyrosine phosphatase
and GTPase activation domain thought to be involved in the
deactivation of host cell Rho GTPases during later stages of
the invasion process (12, 32).

In earlier studies, the genes (invH, invE, invA, spaM/invl,
spaNfinv], spaO, spaP, and spaQ) encoding functional compo-
nents of the secretion apparatus located in the right half of
SPI1 were shown to be highly conserved among all Salmonella
spp. (4, 35, 44). However, it has remained unclear whether the
effector proteins encoded within this island are also conserved.
Therefore, we have analyzed the distribution of these translo-
cated effector proteins in the SARC collection, which includes
15 Salmonella strains of the subspecies I (includes the animal-
pathogenic serovars Typhimurium and Typhi), II, IIIa, IIIb,
IV, V (8. bongori), V1, and VII (3) (Table 2). The phylogenetic
relationship between these strains is well established (3). Chro-
mosomal DNA of the Salmonella strains of the SARC collec-
tion was digested with EcoRV and analyzed by Southern blot
hybridization with probes corresponding to the ORFs of sipA,
sipB, sipC, and sptP (Fig. 1A and Table 1). Although we have
detected restriction fragment length polymorphisms (data not
shown), each strain of the SARC collection yielded hybridiza-
tion signals of similar strength with each of the four probes
(Table 2). Chromosomal DNA from Yersinia enterocolitica
WA-C(pYVO8), Shigella flexneri S1227, and the enteropatho-
genic E. coli strain 2348/69, which also contain type III trans-
location systems, did not yield any detectable hybridization
signals. Therefore, the genes for the effector proteins encoded

within SPI1 are highly conserved between all Salmonella
strains, but are much less similar or absent in other entero-
pathogenic bacteria.

We also analyzed the distribution of the avrA gene. This
gene is located at the left border of SPI1 and is flanked by
genes for two regulatory proteins on one side and a gene
cluster encoding a putative iron transport system on the other
side (10, 28, 57). AvrA encodes a translocated protein with
putative effector function that is similar to AvrRxv (accession
no. L20423) and AvrBsT (accession no. AF156163) from Xan-
thomonas campestris pathovar Vesicatoria and the apoptosis-
inducing effector proteins YopP and YopJ from Yersinia spp.
(accession no. 133833, AF023202, and AF074612). Southern
hybridization with an avr4 probe demonstrated that avr4 is
present in isolates from subspecies I, I1Ib, and VII, while it is
absent in the other strains tested (Table 2). There was no
obvious correlation between the patterns of distribution of
avrA among these strains and their phylogenetic relationship
(Table 2). This is in line with an earlier study which had
revealed that avrA is present in only some strains of S. enterica
subspecies I, while it was absent from others (18). These data
provide further evidence to support the hypothesis that avr4
was acquired (by horizontal gene transfer) and/or deleted by
some Salmonella strains well after divergence of Salmonella
spp. from their last common ancestor. In contrast, the effector
protein genes located in the core of SPI1 are highly conserved
and were probably acquired early on before the divergence of
the different Salmonella lineages.

Analysis of the distribution of Sop effector proteins among
diverse Salmonella spp. During the past 4 years, a number of
effector proteins have been identified that are translocated by
the SPI1 type III secretion system, but which are encoded in
distant regions of the Salmonella chromosome (Fig. 1B) (1, 15,
20, 30, 36, 50, 52, 54). For most of these effector protein genes,
it remains unclear when they were acquired during evolution
and how well they are conserved among highly diverse Salmo-
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FIG. 2. Phylogenetic analysis of genes encoding effector proteins translocated via the SPI1 type III secretion system of Salmonella spp.
Sequences (see Materials and Methods) were aligned and analyzed for nucleotide exchanges at synonymous and nonsynonymous sites by using the
SNAP package (40). (A) Linear plot showing the positions of polymorphic nucleotides at synonymous (S) and nonsynonymous (N) sites. (B)
Estimated pairwise numbers of synonymous substitutions per synonymous nucleotide site (dg) and nonsynonymous substitutions per nonsynony-
mous site (dy) for sopB, sopD, and sopE?2 sequences. For comparison, we have also included the data for the SPI1 type III machinery genes spaO,
invA, and spaP, as well as the data for several housekeeping genes (putP, gnd, mdh, and aceK) (35). (C) Unrooted phylogenetic trees. Trees were
constructed based on the synonymous nucleotide exchanges with the SNAP and Phylip program packages. The scales have been adjusted to allow
direct comparison of the phylogenetic data for the different genes. For comparison, we have redrawn the phylogenetic trees for spaO and putP,
which had been published before (35), by the same procedure. (D) Schematic representation of the evolution of host cell invasion by Salmonella
spp. (adapted from reference 43). The published sequences have the following accession numbers: sopB sequences, Salmonella enterica subspecies
I (Typhimurium, AF021817; Dublin, U90203); putP sequences, SARC1 (Typhimurium), L01135; SARC2 (Typhi), L01134; SARC7, L01146;
SARCI0, L01143; SARC11, L01148; spaO sequences, Salmonella enterica subspecies I (Typhimurium, U29364; Dublin, U29345; Typhi, U29363),
SARC7, U29348; SARC10, U29358; SARCI11, U29359. For other sequences, see Materials and Methods.

nella spp. Therefore, we analyzed the presence of sopB, sopD,
sopE, and sopE2 and their chromosomal localization in the
strains of the Salmonella SARC collection.

sopB is located at equivalent chromosomal regions in all
Salmonella lineages. sopB is located within SPI5 in the centi-
some 20 region of the Salmonella chromosome (55) (Fig. 1B
and D). sopB encodes a 62-kDa translocated effector protein
with phosphatidylinositol phosphatase activity (42), which has
been implicated in host cell invasion (26) and the induction of
chloride ion secretion and diarrhea (42, 55). We have deter-
mined by Southern blot hybridization with a probe correspond-
ing to the sopB coding sequence (Table 1) that this gene is
present in every single isolate of the SARC collection (Table
2).

The chromosomal location of the sopB genes (SPIS) was
analyzed by PCR (primers 7 and 8; see Materials and Methods
and Fig. 1D) and Southern blotting with probes specific for
sopB and hpaB as well as probes a and b (Fig. 1D and Table 1).
The results are summarized in Table 2 and demonstrate that
sopB is located in the same chromosomal region in all strains
tested (ca. 7.5 kb downstream of hpaB) (Table 2) (data not
shown). However, in strain SARCI13, we detected a 2.5-kb

deletion between the left border of SPIS and /ipaB (data not
shown). In conclusion, our data show that sopB was already
present in the last common ancestor of all contemporary Sal-
monella spp.

sopD is located at equivalent chromosomal regions in all
Salmonella lineages. sopD encodes a 40-kDa protein translo-
cated into host cells via the SPI1 type III system (30). SopD has
been proposed to act in concert with SopB to induce diarrhea
in bovine infections (30). Earlier studies had shown that sopD
is present in several isolates belonging to Salmonella enterica
subspecies I (30). By Southern blot analysis with a probe de-
rived from the sopD coding sequence from S. enterica subspe-
cies I serovar Dublin (Table 1), we have shown here that sopD
is conserved not only within subspecies I, but also between all
subspecies of S. enterica and the S. bongori isolates from the
SARC collection (Table 2). In contrast, other members of the
family Enterobacteriaceae did not yield hybridization signals
(data not shown).

As judged from the Salmonella enterica serovar Typhi ge-
nome sequence, sopD is located at centisome 64 of the Salmo-
nella chromosome about 40 kb from the right border of SPI1
(Fig. 1B and C). sopD has a significantly lower GC content
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than the flanking regions, and it is inserted between two ORFs
with sequence similarity to cysH (30) and ygeB, two genes
located directly adjacent to each other in the E. coli K-12
chromosome (2).

The chromosomal location of the sopD locus was analyzed
by Southern blotting (probes corresponding to cysI and sopD;
Table 1 and Fig. 1C) and PCR (primers 1 to 6; see Fig. 1C and
Materials and Methods). Our results (Table 2) demonstrate
that sopD is located at the same chromosomal location about 1
kb downstream of cysI in all Salmonella strains of the SARC
collection tested. Therefore, sopD and sopB must have been
present already in the last common ancestor of all contempo-
rary Salmonella spp.

sopE is highly variable, whereas the sopE?2 locus is present in
all Salmonella lineages. In S. enterica subspecies I serovar Ty-
phimurium, SopE is encoded by a temperate bacteriophage of
the P2 family integrated at centisome 60 of the chromosome
(20, 37). Upon translocation, SopE binds to the small G pro-
teins Cdc42 and Racl and mediates cytoskeletal rearrange-
ments that are sufficient to facilitate bacterial invasion (19, 48).
Interestingly, sopE was detected only in some strains of Sal-
monella enterica subspecies I, and the few Typhimurium iso-
lates carrying sopE belong to a strain responsible for a major
epidemic in the 1970s and 1980s (37). However, how sopE is
distributed among highly diverse Salmonella spp. remained
unclear. Southern blot analysis with a sopE probe revealed that
this gene was present in strains belonging to subspecies I, IV,
and VII (Table 2). No hybridization signals were obtained with
chromosomal DNA from other enterobacteria harboring type
III secretion systems (data not shown).

SopE2 is a 25-kDa translocated effector protein about 70%
identical to the G nucleotide exchange factor SopE (1, 50). It
is involved in the recruitment of the Arp2-3 complex and the
induction of membrane ruffling, and it is sufficient to mediate
bacterial invasion (50). In contrast to sopE, sopE2 has been
identified in all S. enterica subspecies I serovar Typhimurium
strains analyzed (50). sopE2 has a much lower GC content than
the adjacent chromosomal region (Fig. 1E). It is encoded at
centisome 40 at the left border of a ca. 60-kb chromosomal
region with little similarity to E. coli sequences (Fig. 1E). The
distribution of sopE2 among Salmonella enterica subspecies
and Salmonella bongori isolates had previously been unknown.

By Southern blot hybridization with a probe corresponding
to the sopE2 coding sequence, we show here that sopE2 is
present in every isolate of the SARC collection (Table 2).
Hybridization conditions were sufficiently stringent to avoid
detection of sopE genes present in some of the strains tested
(see Materials and Methods). In addition, no hybridization
signals were observed with chromosomal DNAs from other
enterobacteria (data not shown).

The chromosomal location of sopE?2 in the different Salmo-
nella spp. was analyzed by Southern blot hybridization with
sopE2 and p120 probes (Fig. 1E). The results of this analysis
are summarized in Table 2. The results demonstrate that
sopE2 (and possibly the entire 60-kb inserted DNA region) is
present and located at equivalent chromosomal positions (i.e.,
the centisome 40 to 42 region) in all Salmonella spp. Our data
suggest that sopE?2, like sopB and sopD, was already present in
the last common ancestor of all contemporary Salmonella lin-
eages. In contrast, sopE must have been transferred horizon-
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tally in multiple cases well after divergence of the contempo-
rary Salmonella lineages.

Phylogenetic analysis of sopB, sopE2, and sopD. A phyloge-
netic analysis was performed to investigate the process of ad-
aptation by acquisition of additional translocated effector pro-
tein genes in more detail. We have determined the DNA
sequence of parts of the coding regions of sopB (nucleotides
[nt] 434 to 1686), sopE2 (nt 306 to 599), and sopD (nt 93 to
603) from Salmonella strains SARC7 (S. enterica subspecies
I1Ib), SARCI0 (S. enterica subspecies I1V), and SARCI1 (S.
bongori; see Materials and Methods). These sequences were
compared to the sopB, sopE2, and sopD sequences from the S.
enterica subspecies I serovars Typhimurium, Typhi, and Dublin
(Fig. 2).

The most notable feature is a high incidence of nonsynony-
mous nucleotide exchanges (i.e., polymorphic amino acid po-
sitions) in sopB (33.1%), sopD (39.4%), and, to a lesser extent,
sopE2 (23.7%) (Fig. 2A) compared to the level in housekeep-
ing genes like putP (2.66%). Accordingly, the dy (mean num-
ber of nonsynonymous nucleotide substitutions per nonsynony-
mous site) is much higher for sopB (dy = 0.09), sopD (dn =
0.12), and sopE2 (dy = 0.04) than for housekeeping genes (dy =
0.02 for putP, gnd, mdh, and aceK) and genes encoding compo-
nents of the SPI1 type III secretion apparatus (invA4 and spaP
(Fig. 2B). The dy for sopB, sopD, and sopE?2 is even higher than
that for spaO (dy = 0.03), which encodes a protein detectable in
Salmonella culture supernatants and which serves some essential
function in the type III secretion mechanism (7, 35). Increased
nucleotide exchange rates at nonsynonymous positions (leading
to alterations in the amino acid sequence) are often observed for
genes of pathogenic bacteria that encode proteins that are under
strong diversification selection (i.e., by the hosts’ immune system
or by functional requirements concerning the specificity for cer-
tain targets in host cellular signaling cascades; see reference 35 for
a discussion).

Despite the considerable sequence variation among the sopB
genes from diverse Salmonella spp., two inositol phosphate
4-phosphatase consensus motifs (42) were strictly conserved in
all sequences analyzed. These consensus motifs are important
for the biological function of SopB from S. enterica subspecies
I serovar Dublin (42). This argues that the basic molecular
function of SopB has remained unchanged after the divergence
of the contemporary Salmonella lineages.

In comparison to housekeeping genes or genes located
within SPI1, the overall number of synonymous substitutions
per synonymous nucleotide site (ds) is somewhat increased for
the sequenced parts of sopB (dg = 0.51) and sopD (dg = 0.68)
(Fig. 2B). However, it is unclear whether these differences are
significant, because the sequenced fragments (especially of
sopD) are fairly short, and regions with similar dg values are
also found in the other genes analyzed (codons 50 to 170 of
spaO; codons 380 to 480 of putP).

Unrooted phylogenetic trees were constructed based on the
observed synonymous (silent) nucleotide exchanges in the cod-
ing sequences (Fig. 2C). For comparison, we have also in-
cluded the unrooted trees for spaO (35) and the housekeeping
gene putP (41). Overall, the topology of the unrooted phylo-
genetic trees obtained for the translocated effector protein
genes is strikingly similar to that for the housekeeping gene
putP and for the SPI1 gene spaO (Fig. 2C), indicating that no
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TABLE 3. Several effector proteins cooperate to mediate host cell invasion

Strain Relevant genotype Invasiveness (%)” Macrophage cytotoxicity (%)” Source or reference(s)
SL1344 Wild type 100 100 25
SB856 sopE 533+29 94 19, 20
M202 sopE sopE2 28.4+39 86 50
M516 sopE sopE?2 sopB 095+ 1.0 90 This study
M511 sopE sopE2 sopB sopD 0.93 = 0.4 85 This study
M516(pM149) sopE sopE2 sopB (psopE2) 80.8 £ 31 87 This study; 50
M516(pSB1130 sopE sopE2 sopE (psopE) 213.0 £ 81 90 This study; 19, 20
M516(pM515) sopE sopE2 sopB (psopB) 122 +1.2 17 This study
SB161 invG 0.17 = 0.1 3 31

“ Bacterial invasion into tissue culture cells was determined as described in Materials and Methods.
® Three independent experiments indicate that the experimental error is the range of 10% of the given value.

horizontal transfer of these genes between the different Sal-
monella lineages had occurred after diversification into S. bon-
gori and the different S. enterica subspecies. The sopE2 gene
from S. bongori (SARC11 and SARC12) is the only exception:
it is very similar to the sopE2 genes from S. enterica subspecies
I strains. Therefore, sopE2 must have recently been transferred
between S. enterica subspecies I strains and S. bongori.

Overall, our data confirm that sopB, sopD, and sopE?2, along
with SPI1, were acquired during the early phase of Salmonella
evolution after divergence from E. coli (about 100 to 160 mil-
lion years ago) (9, 45) (Fig. 2D), but before the divergence of
S. bongori from the S. enterica lineages (some 50 million years
ago) (33) (Fig. 2D).

SopB, SopE, and SopE2 are crucial for host cell invasion.
Analysis of the E. coli genome sequence has demonstrated that
genes are acquired and lost at a rate of about 31 kb per million
years and that the average introduced gene persists for only
14.4 million years (33, 34). Our data presented above demon-
strate that sopB, sopD, and sopE2 have persisted for at least 50
million years and are still present in all contemporary Salmo-
nella lineages. This indicates that sopB, sopD, and sopE2 may
have been stabilized in the Salmonella chromosome by provid-
ing some key virulence function. However, Salmonella strains
carrying single mutations in either sopB, sopD, or sopE2 (or
sopE) were only mildly attenuated in tissue culture virulence
assays or experimental animal infections (1, 20, 26, 30, 50, 54,
55). These mild defects were generally much weaker than the
defects observed with Salmonella mutants harboring an inac-
tivated SPI1 type III translocation apparatus. Interestingly,
Salmonella double mutants with disrupted sopB and sopD
genes or with disrupted sopE and sopE2 genes had a stronger
virulence defect than either of the single mutants (30, 50). This
led us to speculate that there might be considerable functional
redundancy between several translocated effector proteins en-
coded outside of SPI1. According to this hypothesis, it would
be necessary to inactivate all redundant effector proteins in
order to analyze a certain virulence function (i.e., host cell
invasion) mediated by the SPI1 type III secretion system. To
test this hypothesis, we have disrupted the genes encoding
SopB, SopD, and SopE2 in the same Typhimurium strain (see
Materials and Methods). These experiments were performed
in a sopE-negative genetic background (SB856 = Typhi-
murium SL1344, sopE::aphT) (20), because it is known that
sopE alone is sufficient to mediate tissue culture cell invasion
(19).

In accordance with earlier results, disruption of sopB, sopD,
sopE, or sopE?2 alone had little effect on the ability of S. enterica
serovar Typhimurium to invade tissue culture cells, as mea-
sured by a gentamicin protection assay. (Table 3) (1, 20, 26, 30,
50, 54, 55; data not shown). Inactivation of sopE and sopE2
(M202) resulted in a threefold-reduced ability to invade tissue
culture cells. However, a triple mutant with inactivated sopE,
sopE2, and sopB genes (M516) was 100-fold less invasive than
the isogenic wild-type strain. This invasion defect was almost as
severe as the invasion defect (600-fold attenuation) of a Ty-
phimurium mutant with a disrupted SPI1 type III secretion
apparatus (i.e., SB161 [AinvG]) (Table 3). The invasion defect
was complemented by transformation with SopE2 (pM149)
and SopE (pSB1130) expression vectors and, to a lesser extent,
with a SopB expression vector (pM515) (Table 3). The slight
differences in the levels of complementation with the SopE and
the SopE2 expression vectors might be due to subtle differ-
ences in the amounts of protein expressed or translocated from
both plasmids. The low complementation efficiency of the
SopB vector is probably due to improper expression or trans-
location, as indicated by the experiments described below. In-
efficient complementation with SopB expression vectors has
been described before (15). In conclusion, three effector pro-
teins encoded outside of SPI1 jointly mediate host cell inva-
sion.

A quadruple mutant of Typhimurium with inactivated sopE,
sopE2, sopB, and sopD genes, M511, was as deficient in tissue
culture cell invasion as the triple mutant strain M516. In line
with previous results (30), sopD does not seem to affect tissue
culture cell invasion.

Absence of SopB, SopD, SopE, and SopE2 does not affect
macrophage cytotoxicity. Typhimurium strains induce rapid
cell death in macrophages in an SPI1-dependent manner (5,
23, 38). Effector proteins translocated via the SPI1 secretion
system are thought to mediate this effect, and the translocated
effector protein SipB has been shown to play a key role in this
process (23). Therefore, the macrophage cytotoxicity assay can
provide a sensitive tool to verify whether a certain Typhi-
murium mutant is still capable of efficiently translocating ef-
fector proteins (i.e., SipB) into host cells. None of the Typhi-
murium strains carrying mutations in sopB, sopD, sopE2,
and/or sopE showed any significant defect in macrophage cy-
totoxicity (Table 3). Low levels of macrophage cytotoxicity
were only observed when M516 was complemented with a
SopB expression vector (pM515), suggesting that the presence
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of this vector may interfere with efficient translocation of other
effector proteins (Table 3). Disruption of invG, which encodes
an integral component of the SPI1 type III secretion appara-
tus, completely alleviated macrophage cytotoxicity. These data
indicate that the function of the SPI1 type III secretion system
is not impaired even by the introduction of mutiple mutations
in genes encoding translocated effector proteins. Furthermore,
we have shown by Western blot analysis that expression and
secretion of the effector protein SipC into Salmonella culture
supernatants are not affected in any of the effector protein-
deficient mutants (data not shown). Therefore, the invasion
defect observed with the sopE sopE2 sopB triple mutant M516
is solely attributable to the absence of SopB, SopE, and SopE2.

DISCUSSION

Acquisition of the type III secretion system encoded within
SPI1 has been considered as a key step during the evolution of
Salmonella spp. as pathogens (17), and the genes encoding
essential components of the SPI1 type III secretion apparatus
are highly conserved among all Salmonella lineages (35). How-
ever, it had remained unclear whether genes for effector pro-
teins that directly mediate key virulence funtions are conserved
to a similar extent.

We have found that two groups of genes encoding SPI1-
dependent effector proteins are present in all Salmonella lin-
eages. The first group of effector protein genes is located in the
core region of SPI1 and includes sipA, sipB, sipC, and sptP.
Surprisingly, several effector protein genes located outside of
SPI1 are also present in all Salmonella lineages. This second
group of genes includes sopB, sopD, and sopE2. They are
located in chromosomal regions that are absent from the E.
coli genome (30, 55; this paper) (reviewed in reference 27).
The GC content of these effector protein genes and their
flanking regions is always significantly lower than the overall
GC content of the Salmonella chromosome. This low GC con-
tent is generally viewed as an indicator for genes that have
been acquired from other species by horizontal gene transfer.
Southern hybridization, PCR, and sequence analyses showed
that the genes of the effectors SopB, SopD, and SopE2 map to
identical positions of the chromosome in all Salmonella spp.
and that sopB, sopD, and sopE2 must have been acquired by
horizontal gene transfer in the period after divergence of Sal-
monella from E. coli (100 to 160 million years ago) (9, 45) and
before the divergence of the contemporary Salmonella lineages
(ca. 50 million years ago) (33).

These “old” effectors encoded outside of SPI1 may have
coevolved with the type III secretion system and with the
effectors encoded within SPI1. Therefore, the “old” effectors
may actually mediate central virulence functions ascribed to
the SPI1 type III secretion system. Indeed, mutation analysis
demonstrated that SopB and SopE2 are the mediators of Sal-
monella invasion into host cells. In the Typhimurium strain
SL.1344, which was used in these studies, the sopE gene was
also involved. A triple mutant (M516) was more than 100-fold
less invasive than the wild-type strain. In conclusion, our data
demonstrate that the type III secretion system encoded within
SPI1, the two conserved effector proteins SopB and SopE2,
and (in the case of S. enterica subspecies I serovar Typhi-
murium strain SL1344) the variable effector protein SopE form
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a functional unit that mediates host cell invasion and that may
be described as an “invasion virulon.”

The data presented above indicated that the SPI1 SopB
SopE2 invasion virulon is conserved among all Salmonella lin-
eages. Therefore, it was surprising to find frameshift mutations
in the sopE2 genes from both S. enterica subspecies 1 serovar
Typhi strains analyzed (50). However, both of these strains
belong to the few Salmonella spp. that harbor functional sopE
genes (50; unpublished results). SopE and SopE2 are both
G-nucleotide exchange factors for Cdc42 of the host cells, and
transfection experiments have shown that each of these two
effectors is sufficient to mediate bacterial invasion (19, 50).
Therefore, it is conceivable that the presence of the sopE gene
may have alleviated the need for a functional sopE2 gene in
serovar Typhi. In conclusion, originally, host cell invasion was
mediated largely by the effector proteins SopB and SopE2, and
both effectors are still involved in this process in “modern”
Salmonella spp. In some instances, however, other effectors
with redundant function have been added or even replaced one
of these “old” effector proteins.

What is the evidence for horizontal transfer of effector pro-
tein genes between different Salmonella lineages? In accor-
dance with earlier data (18, 20, 37), we found that two of the
effector protein genes analyzed (avr4 and sopE) were present
in only some Salmonella strains of the SARC collection, while
absent from others. Because homologs of avr4 have been iden-
tified in a number of gram-negative bacteria, including animal
and plant pathogens, it seems reasonable to assume that avr4
had been acquired by horizontal gene transfer from some other
bacterial species. SopE, on the other hand, does not show any
appreciable sequence similarity to any other protein, except for
SopE2 from Salmonella spp. Based on this observation, it has
been proposed that sopE was derived from Salmonella sopE2
by gene duplication (1). Because avr4 and sopE genes were
detected in several distantly related Salmonella spp., both
genes must have been transferred in multiple cases well after
the divergence of the different Salmonella lineages.

Are there additional effector proteins involved in Typhi-
murium host cell invasion? The triple mutant strain M516 is
still about sixfold more invasive in COS?7 tissue culture cells
than a mutant with a disrupted SPI1 type III secretion system
(SB161 = SL1344, AinvG) (Table 3). This suggests that S.
enterica subspecies I serovar Typhimurium strain SL1344 may
still express one or more additional effector proteins involved
in host cell invasion. It is unclear whether any of the effector
proteins encoded within SPI1 or maybe additional effector
proteins encoded at distant locations of the chromosome may
be involved. Two translocated effector proteins encoded within
SPI1 have already been implicated in the modulation of the
host cell cytoskeleton: the actin binding effector SipA has been
shown to play a role in stabilizing and modulating the bundling
of F-actin filaments (56, 57). However, induction of cytoskel-
etal rearrangements by SipA alone has not been demonstrated.
A recent report has described de novo actin polymerization
and dramatic rearrangements of the host cellular architecture
by microinjection of purified SipC protein (21). Our work
shows that this in vitro activity of SipC may contribute little to
Salmonella invasion into tissue culture cells. The triple mutant
MS516 still translocates SipC into host cells, but it is completely
deficient at inducing cytoskeletal rearrangements, and it is
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attenuated more than 100-fold in host cell invasion. However,
we cannot exclude that some effector function of SipC may
account for the residual invasiveness of the triple mutant
Ms51e6.

In conclusion, host cell invasion by Salmonella spp. is medi-
ated by a functional unit formed by the SPI1 type III secretion
system and several effector proteins encoded in distant regions
of the chromosome. Originally, internalization was mediated
by the effector proteins SopB and SopE2. During divergence of
the Salmonella spp. and the adaptations to new hosts, the
effector protein repertoire mediating host cell invasion has
changed occasionally via gene disruption by frameshift muta-
tions, gene duplications, or acquisition of additional effector
proteins with redundant function through horizontal gene
transfer. The modular design of virulence functions, including
the “core” SPI1 type III secretion system and a whole range of
effector protein genes that mediate the actual effects by pro-
viding modules to address certain signaling pathways within
host cells, provides much flexibility. This flexibility may have
allowed Salmonella spp. to adapt quickly to a wide variety of
different host species and may also play a role during the
emergence of new epidemic strains.
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