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We recently identified a pathogenicity island (SPI2) located at 30.7 centisomes on the Salmonella typhimurium chromosome. SPI2 contains genes encoding a type III secretion system whose function is distinct from
that of the type III secretion system encoded by a pathogenicity island (SPI1) at 63 centisomes which is involved
in epithelial cell entry. An analysis of the boundaries of SPI2 and comparison with the corresponding region
of the Escherichia coli chromosome revealed that SPI2 inserted adjacent to the tRNAVal gene. The E. coli
chromosome contains 9 kb of DNA at the region corresponding to the SPI2 insertion point which appears to
be absent in S. typhimurium. The distribution of SPI1 and SPI2 was examined in various Salmonella isolates.
In contrast to type III secretion system genes of SPI1, those of SPI2 are not present in Salmonella bongori, which
diverged at the first branch point in the Salmonella lineage. These and other data indicate that SPI2 was
acquired by a Salmonella strain already harboring SPI1 by horizontal transfer from an unknown source.
have probably been acquired by horizontal gene transfer (for a
review, see reference 11).
During a search for new virulence genes of S. typhimurium
by signature-tagged mutagenesis (22), we discovered a second
Salmonella-specific PAI of 40 kb located at 30.7 cs (40). We
termed this PAI Salmonella pathogenicity island 2 (SPI2) to
distinguish it from the PAI at 63 cs, which we suggested be
termed Salmonella pathogenicity island 1 (SPI1). Nucleotide
sequence analysis of regions of SPI2 revealed genes encoding
a second type III secretion apparatus. Mutations in these genes
result in a profound attenuation of virulence in mice following
oral or intraperitoneal inoculation (40). This demonstrates
that SPI2 has a crucial role at a stage(s) of pathogenesis subsequent to epithelial cell penetration and that SPI1 and SPI2
are functionally distinct (40). More recently, it was reported
that SPI2 genes are required for survival in macrophages (30).
In this paper, we report the structure of the boundaries of
SPI2, their relation to the corresponding region of the E. coli
K-12 genome, and a detailed analysis of the phylogenetic distribution of SPI2 in the salmonellae.

Diseases caused by Salmonella spp. range from self-limiting
gastroenteritis to typhoid fever, which can be fatal (28). A
useful tool for investigation of the systemic form of salmonellosis is the murine model of typhoid-like illness caused by
Salmonella typhimurium (full taxonomical name, Salmonella
enterica subsp. enterica serotype Typhimurium). Many virulence factors required at different stages of S. typhimurium
infection have been characterized at the molecular level. The
genes encoding these virulence factors are distributed on the
Salmonella chromosome and the 92-kb virulence plasmid (20).
An important stage in S. typhimurium pathogenesis is invasion of the gut epithelium. A large number of genes is required
for epithelial cell invasion, and it has been shown that these
encode the structural components of a type III (contact-dependent) secretion system, the secreted effector proteins, and
associated regulatory proteins (17). These genes are clustered
at 63 centisomes (cs) on the S. typhimurium chromosome, and
recent analysis of this locus revealed that it constitutes a pathogenicity island (PAI) (29). PAIs comprise large, sometimes
unstable chromosomal regions harboring clusters of virulence
genes and are often either flanked by insertion sequence elements (16) or appear to have inserted in or adjacent to tRNA
genes (6, 12). The locus for enterocyte effacement of enteropathogenic Escherichia coli is a PAI; like the invasion locus of
S. typhimurium, it contains genes for a type III secretion system. Homologs of these genes are also found on the virulence
plasmids of Yersinia spp. (for a review, see reference 13) and
Shigella spp. (for a review, see reference 32). The DNA base
composition of PAIs often differs from those of the bacterial
chromosomes in which they are located, indicating that they

MATERIALS AND METHODS
Bacterial strains. Throughout this paper, the common Latin binominal S.
typhimurium is used for S. enterica subsp. enterica serotype Typhimurium. The
Salmonella Reference Collection B, consisting of 72 isolates and representing 37
serotypes of S. enterica subspecies I, has been reported recently (8). The collection of Salmonella serotypes representing Salmonella bongori and six subspecies
of Salmonella enterica was described by Reeves et al. (34). Further strains and
plasmids used in the study are listed in Table 1.
DNA biochemistry. The selection of a set of clones covering SPI2 from a
library of S. typhimurium LT2 in l 1059 (26) was described previously (40).
Fragments of phage DNA as well as of DNA prepared from mitomycin-induced
lysates of S. typhimurium TT15244 (3) were used for subcloning of regions of
SPI2 and its boundaries by standard methodology (37) as detailed in Table 1. For
the analysis of the corresponding chromosomal region in E. coli K-12, DNA
fragments of phage 319 of the Kohara collection (23) were subcloned as indicated in Table 1.
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TABLE 1. Bacterial strains, plasmids, and phages
Strain, plasmid,
or phage

Strain
S. typhimurium
LT2
S. typhimurium
TT15244
E. coli K-12
E. coli TA One
Shot
E. coli DH5a

pTT-1

Phages
l1; l7

Properties

Wild type

25; K. Sanderson

See reference

3; K. Sanderson

Wild type
See reference

Lab stock
Invitrogen

See reference

Gibco BRL

5.5-kb PstI-KpnI fragment of
l7 in pSK1 (Stratagene)
6.8-kb EcoRI-XbaI fragment
of TT15244 lysate in pSK1

This study

Clones harboring SPI2 fragments selected from genomic library of S. typhimurium LT2

40

Kohara 319

This study

23

Bacteria were cultured in Luria-Bertani broth (37) aerobically at 378C overnight, and isolation of chromosomal DNA was performed as described previously
(1). Chromosomal DNA was restricted with EcoRI, and the fragments were
separated on a 0.5% agarose gel. Southern transfer onto nylon membranes and
hybridization at 658C in solutions without formamide were performed by standard methods (1). Hybridization was followed by two 15-min washes under
nonstringent conditions in 23 SSC–0.1% (wt/vol) sodium dodecyl sulfate (SDS)
at room temperature (13 SSC is 0.15 M NaCl plus 0.015 M sodium citrate.)
Hybridization and washing conditions were such that they permitted 35% mismatch at the nucleotide level. Hybrids were detected by means of the digoxigenin
(DIG) chemiluminescent detection system as described in the instructions of the
manufacturer (Boehringer Mannheim).
DIG-labeled DNA fragments were generated by random-primed incorporation of DIG-dUTP with the DIG DNA labeling system of Boehringer Mannheim. To generate an invA-specific probe, an internal fragment of this gene was
amplified from S. typhimurium as described previously (33) and the PCR product
was subsequently labeled as described above.
Nucleotide sequence analysis. The nucleotide sequence was determined for a
5.5-kb fragment of the 31-cs boundary of SPI2 and a 4.6-kb fragment of the 30-cs
boundary of SPI2. Sequencing was performed by the dideoxy method (39) with
the Pharmacia T7 sequencing system. Sequence assembly was performed with
AssemblyLign and MacVector software (Kodak) on a Macintosh PowerPC.
Database searches were performed with the BLAST and FASTA programs, and
sequence alignments were generated by means of the BESTFIT program of the
Genetics Computer Group package (14). The DNA sequence of E. coli K-12
strain MG1655 was determined by the Sanger dideoxy method using dye terminator chemistry on ABI 377 sequencing instruments. The Janus m13 vector (10)
was employed to isolate shotgun library clones from a mechanically sheared
DNA fragment containing the relevant portion of the E. coli genome. The
fragment, isolated from a pulsed-field gel, was defined by I-SceI sites introduced
into the genome on mini-Tn10 transposons (5, 36). After initial assembly at
fivefold coverage of E. coli DNA sequence, selected Janus clones were flipped to
establish closure and minimal depth of coverage three times at each point,
including at least one determination on each strand. Sequence assembly and
database searches were performed with DNAstar’s SEQMAN and GENEMAN
software packages. Open reading frames (ORFs) were identified by the GenePlot program based on the algorithm of Borodovsky and McIninch (7).
Nucleotide sequence accession numbers. The nucleotide sequences described
in this paper have been deposited in the EMBL database under accession
numbers X99944 (S. typhimurium SPI2 31-cs boundary) and X99945 (S. typhimurium SPI2 30-cs boundary) and in GenBank under accession number U68703
(E. coli chromosomal region ribC to pykF).

RESULTS
The 31-cs boundary. The DNA sequence of the 5.5-kb PstIKpnI fragment of plasmid p7-13 (Table 1) covering the end of
SPI2 towards 31 cs was determined. We refer to the orienta-

tion of the boundaries by their approximate chromosomal positions as the 31-cs boundary and the 30-cs boundary based on
the genetic map of S. typhimurium edition VIII (38). A series
of ORFs was identified in the 5.5-kb fragment (Fig. 1B) as
follows. (i) A 59 portion of an ORF is identical over 15 amino
acid residues to the N-terminal region of E. coli RibC
(SwissProt accession number P29015). (ii) An ORF with a
coding capacity for a protein of 456 amino acids is 94% identical over 230 amino acid residues with the N-terminal portion
of the hypothetical protein YdhE of E. coli. The similarity
probably extends beyond this region, but DNA sequence coding for only these N-terminal 230 amino acid residues of E. coli
YdhE was available (SwissProt accession number P37340). Database searches also revealed similarity to the hypothetical
protein YdhE of Haemophilus influenzae (SwissProt accession
number P45272; 46% identity over 460 amino acid residues).
(iii) Downstream of the ydhE homolog of S. typhimurium, there
are 77 bp with 92% identity to the E. coli tRNAVal gene. In E.
coli, the tRNAVal gene at 37.5 cs is present as a tandem repeat
with six base changes (tRNAVal vw) (24). However, there is only
one tRNAVal gene at the corresponding position in S. typhimurium, showing equivalent sequence similarity to E. coli
tRNAVal v and tRNAVal w. We refer to the S. typhimurium
tRNAVal as tRNAVal v. (iv) The tRNAVal v gene in S. typhimurium is followed by the first ORF of SPI2, which encodes a
protein similar to YscU of Yersinia pseudotuberculosis (36%
identity over 351 amino acid residues) and which lacks a counterpart in E. coli (40). This ORF is followed by ORFs encoding
proteins with similarity to YscT, YscS, YscR, and YscQ of Y.
pseudotuberculosis (4). These ORFs represent genes encoding
components of the type III secretion system of SPI2. A detailed analysis of these and other genes in SPI2 will be published elsewhere.
The DNA base composition changes dramatically at the 31cs boundary (Fig. 1B). The ribC, ydhE, and tRNAVal genes collectively have a G1C content of 50.6%, but the five ORFs with
similarity to YscQRSTU of Y. pseudotuberculosis at the 31-cs
end of SPI2 have a significantly lower G1C content of 41.4%.
The 30-cs boundary. The 30-cs boundary of SPI2 was analyzed by DNA sequencing of a 4.6-kb HindIII-XbaI fragment
from plasmid pTT-1 (Table 1). Database searches with the
deduced amino acid sequences of two ORFs, ORF32 and
ORF48 (which could encode proteins of 31.6 and 48.5 kDa),
revealed similarity to the sequence of proline iminopeptidase
(Pip) of Lactobacillus delbrueckii (SwissProt accession number
P46544; 29% identity over 295 amino acid residues) and that
of the hypothetical amino acid permease YeeF of E. coli
(SwissProt accession number P33016; 32% identity over 449
amino acid residues), respectively. Previous analysis indicated
that this region is specific to Salmonella and may be just inside
the 30-cs boundary of the island, because the region downstream of ORF48 is present in both S. typhimurium and E. coli
K-12 (40). This observation was confirmed by the identification
of the 52.9-kDa ORF starting 401 bp downstream of ORF48
encoding a homolog of E. coli PykF (31). The deduced amino
acid sequence is 94% identical to the sequence of E. coli PykF
over 463 residues. In contrast to the sharp change in G1C
content at the 31-cs boundary of SPI2, no substantial change in
G1C content was found when regions present only in S. typhimurium and those present in both E. coli and S. typhimurium
were compared (Fig. 1B). Average G1C contents of 49.9 and
48.7% were observed for the two ORFs specific to Salmonella
and pykF, respectively (Fig. 1B).
Comparison of the insertion point of SPI2 with the corresponding region in E. coli K-12. We found that SPI2 is located
between homologs of the E. coli genes ydhE and pykF at 30 to
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31 cs on the chromosome of S. typhimurium (40). To determine
the boundaries of SPI2 more precisely and to investigate the
organization of the corresponding region of the E. coli chromosome, the physical distance between E. coli ydhE and pykF
was determined. DNA fragments derived from ydhE and pykF
of E. coli K-12 were used as probes in hybridization experiments with digests of E. coli K-12 genomic DNA and with
digests of phage 319 of the Kohara ordered library, which
covers the corresponding chromosomal region of E. coli (23).
A distance of approximately 9 kb was determined between E.
coli ydhE and pykF (data not shown). The physical mapping
(40) as well as the DNA sequencing of SPI2 indicated a distance of 39 kb between tRNAVal v and pykF of S. typhimurium.
A schematic representation comparing the chromosomal region of S. typhimurium with that of E. coli is given in Fig. 1A.
The E. coli chromosomal DNA sequence from 37 to 38 cs
was determined as part of the E. coli genome project and was
used for further comparative analysis between both species.
There is an ORF (f418) present in E. coli between ydhE and
tRNAVal v which is absent from the corresponding region in
the S. typhimurium genome. The region between the S. typhimurium tRNAVal v gene and the yscU homolog shows no similarity to that of E. coli tRNAVal w or the region downstream
from this (Fig. 2A). An alignment of DNA sequences at the
proposed boundary of SPI2 at 30 cs is shown in Fig. 2B.
Database searches were performed with ORFs predicted
from the DNA sequence between E. coli tRNAVal vw and pykF
(see Fig. 1B). Amino acid sequences deduced from ORFs f270,
f215, o534, and f69 did not reveal significant similarity to
known or potential protein sequences in the databases. ORF
f728 is 31.5% identical to the aldehyde:ferredoxin oxidoreductase of Pyrococcus furiosus (EMBL accession number X79777).
ORF f208 and f239 both encode an amino acid sequence motif

characteristic of electron-transporting proteins (4Fe4S cluster). Overall, the deduced amino acid sequences for ORFs f208
and f239 are, respectively, 31.2 and 52% identical to the electron transporter PhsB of S. typhimurium (SwissProt accession
number P37601). The product of ORF f261 is 55.8% identical
to S. typhimurium PhsC (SwissProt accession number P37602),
the membrane-anchoring protein for the hydrogen sulfide production (Phs) system. Although the products of these ORFs
are similar to PhsB and PhsC, it is unlikely that they are
functionally equivalent because most E. coli strains do not
reduce thiosulfate to hydrogen sulfide (2). None of the E. coli
ORFs has similarity to ORF32 and ORF48 at the 30-cs boundary of SPI2. When DNA fragments derived from the 9-kb E.
coli-specific region were used to probe digests of S. typhimurium genomic DNA under nonstringent hybridization conditions, no hybridizing fragments were identified (data not
shown), indicating that DNA corresponding to the region between tRNAVal vw and pykF of E. coli is not present at another
position on the S. typhimurium chromosome. The sequence
analysis of both boundary regions did not reveal phage attachment sites or sequence repeats of significant length.
Distribution of SPI1 and SPI2 among the salmonellae. Hybridization analysis using a probe derived from SPI2 suggested
that this PAI is present throughout the salmonellae but is not
present in related bacterial species (40). To determine the
distribution of SPI1 and SPI2 in Salmonella spp., hybridization
studies were performed under nonstringent conditions with a
larger number of Salmonella isolates whose genetic relationships have been established (34) (Fig. 3). Probes specific for
the invA gene on SPI1 of S. typhimurium hybridized to DNA
from all Salmonella isolates tested. However, probes corresponding to the homologs of genes of the type III secretion
system in SPI2 (Fig. 3, probes 7-12 and 7-5) did not hybridize
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FIG. 1. Organization of the boundaries of SPI2. (A) Schematic representation of the chromosomal region of SPI2 of S. typhimurium aligned with the corresponding
region in E. coli K-12. Filled lines represent regions common to both species. Unfilled lines represent regions not present in the other species. (B) Map of ORFs at
the 31- and 30-cs boundaries of SPI2 aligned with the corresponding region in E. coli K-12. Filled arrows represent genes present in both species. Open and hatched
arrows represent genes present only in E. coli or S. typhimurium. Hatched arrows represent genes in SPI2 encoding components of the type III secretion system. The
G1C content of DNA fragments outside and inside of SPI2 were calculated for a 5.5-kb DNA fragment for the 31-cs boundary and a 4.6-kb fragment for the 30-cs
boundary, respectively.
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to serovars of S. bongori but did hybridize to all serovars of S.
enterica. Probes corresponding to regions outside SPI2 (Fig. 3,
probes 7-19 and TT-3) hybridized to all Salmonella isolates as
well as to E. coli K-12. Phylogenetic analysis of Salmonella (9,
34) groups the large number of serovars in two species. These
are S. enterica, comprising a large number of pathogenic serotypes, including S. typhimurium, Salmonella typhi, and Salmonella enteritidis, and the distant relative S. bongori. Hybridization experiments were performed with a DNA fragment
derived from the region of SPI2 approximately 2.5 kb from the
30-cs boundary (Fig. 3A, probe 1-12). In contrast to the results
obtained with probes 7-12 and 7-5 (Fig. 3A), hybridization
signals were not obtained with six of the serovars of S. enterica
but were obtained with two of the S. bongori serovars (Fig. 3B).
The PAIs of uropathogenic E. coli (35) and SPI1 of some
serotypes of Salmonella (18) show instability. To investigate
whether SPI2 is unstable, 12 Salmonella serovar enteritidis isolates from infected humans as well as the Salmonella Refer-

ence Collection B (8) containing 72 serotypes of the S. enterica
subspecies I were analyzed for the presence of SPI2. By use of
probe 1-12 (Fig. 3A), the presence of SPI2 was confirmed for
all isolates analyzed (data not shown).
DISCUSSION
The genetic analysis of virulence in various bacterial pathogens has shown that many of the associated genes are closely
linked or carried on PAIs. Clusters of virulence genes have
been found on plasmids, for example, in Yersinia spp. (13) and
Shigella spp. (32), and chromosomally located PAIs have been
identified in uropathogenic (6) and enteropathogenic E. coli
(27) and Dichelobacter nodosus (12). The S. typhimurium genome contains at least two PAIs, one at 63 cs (SPI1) containing
genes for a type III secretion system involved in epithelial cell
entry (29), and a second at 30.7 cs (SPI2), which also contains
genes for a type III secretion system, the function of which is
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FIG. 2. Nucleotide sequence alignments at the boundaries of SPI2. The DNA sequence of the 31-cs boundary (A) and the 30-cs boundary (B) of SPI2 (S.t.) is
aligned with the DNA sequence of the corresponding regions of the E. coli chromosome (E.c.). Alignments were performed with the MacVector program. The
numbering of nucleotides corresponds to that of GenBank accession number U68703 for the E. coli sequence and to GenBank accession numbers X99944 and X99945
for the S. typhimurium sequence in panels A and B, respectively. Coding sequences and transcriptional orientation of genes are indicated by bold characters and arrows,
respectively. The underlined regions are likely to include the site at which SPI2 inserted into the genome.
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different from that encoded by SPI1 (30, 40). A characteristic
of PAIs is that they are large chromosomal loci often inserted
in the vicinity of tRNA genes (6, 12) or flanked by insertion
sequence elements (16). The PAIs identified to date also have
G1C compositions different from those of the rest of the
genomes in which they reside. These observations have suggested that PAIs could be transferred between different bacteria by transducing phages (11). Indeed, some bacteriophages
carry tRNA genes in their genomes which could facilitate sitespecific integration via their conserved sequences into bacterial
genomes (11). We found that the S. typhimurium tRNAVal v
gene lies between the ydhE (present in both E. coli and S.
typhimurium) and the Salmonella-specific gene whose product
is similar to Y. pseudotuberculosis YscU. The high degree of
sequence identity between E. coli and S. typhimurium in the
region immediately to the left of the 39 end of E. coli ydhE (Fig.
1B) and the lack of significant sequence similarity downstream

from E. coli tRNAVal w suggest that SPI2 inserted at this site.
The absence of f418 and a second copy of tRNAVal in S.
typhimurium could be explained by their loss, probably during
the SPI2 insertion event. Alternatively, f418 may have been
lost from E. coli and the tRNAVal may have undergone a
duplication after divergence of the two species from their common ancestor. Since the uropathogenic E. coli PAI-associated
tRNA genes influence PAI gene expression (35), it is conceivable that tRNAVal v has a similar role as that of SPI2. Comparison of E. coli and S. typhimurium nucleotide sequences at
the 30-cs region indicates that the boundary might lie in the
113-bp region between the 39 end of ORF48 and the start of
the pykF promoter. The nucleotide sequence comparison also
showed that in E. coli there is 8.9 kb of E. coli-specific DNA at
the site occupied in S. typhimurium by SPI2. This region may
have been present originally in S. enterica and lost as a result of
the SPI2 insertion event or may have been acquired subse-
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FIG. 3. Distribution of SPI1 and SPI2 among the salmonellae. (A) Schematic representation of SPI2 and approximate positions of genes which have been identified
previously (40). The approximate locations of probes used for hybridization studies from within SPI2 (7-13, 7-5, 1-12 [stippled]) and adjacent regions outside SPI2 (7-19,
TT-3 [hatched]) are indicated. A probe complementary to SPI1 was generated by the PCR with primers specific for invA of S. typhimurium. (B) Results of Southern
hybridization analysis between probes in panel A and restriction digests of genomic DNA of various Salmonella isolates and E. coli K-12. The presence or absence of
hybridizing fragments is indicated by 1 and 2, respectively. The tree indicating the relationship of the various Salmonella isolates was derived by Reeves et al. (34)
using multilocus enzyme electrophoresis analysis.
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ADDENDUM IN PROOF
After acceptance of this paper, the distribution within Salmonella spp. of a 5.7-kb BamHI DNA fragment representing
the central region of SPI2 was reported (H. Ochman and E. A.
Groisman, Infect. Immun. 64:5410–5412, 1996).
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