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Because pathogenicity islands can be acquired and deleted
from bacterial genomes, we have examined the distribution
and ancestry of the SPI-1 and SPI-2 regions in S. enterica. SPI-1
is situated at 639 on the S. enterica serovar typhimurium LT2
chromosome, and genes from this region are present in representative strains from all subspecific groups (I to VII) of S.
enterica (7, 14). A phylogenetic tree based on inv and spa genes
from the SPI-1 island is congruent with that of several housekeeping genes, indicating that these invasion-associated sequences were acquired prior to the diversification of all extant
serovars of S. enterica and have not been subject to subsequent
transfer among strains (14). Certain strains of serovars litchfield and senftenberg apparently lack sequences hybridizing to

Virulence properties in bacterial pathogens are often mediated by genes contained within pathogenicity islands, i.e., large,
unstable segments of the chromosome that are not present in
related nonpathogenic organisms (2, 13, 15, 21). Two pathogenicity islands have been identified in the chromosome of
Salmonella enterica serovar typhimurium. The first, designated
SPI-1, governs the ability of salmonellae to enter mammalian
epithelial cells (8, 16); the second, designated SPI-2, is required for the survival of salmonellae within macrophages (18,
22). Both islands are approximately 40 kb in length (16, 22) and
appear to have been acquired by horizontal gene transfer because their GC contents are lower than those typical of genes
from salmonellae (11).

FIG. 1. Phylogenetic distribution of SPI-2 (A) and SPI-1 (B) sequences. Southern hybridization experiments were performed as described previously (11) with
chromosomal DNA from Salmonella strains s4194, s3333, s2993, s2980, s2983, s2978, s2979, s3015, s3027, s3041, s3044, s2995, s3057, s3013, and s3014 from Salmonella
Reference Collection C (4), S. enterica serovar enteriditis strain s53 and S. enterica serovar Dublin strain s1518 (3), S. enterica serovar typhimurium strain 14028 (6),
and E. coli K-12 strain MC1061 (5) (lanes 1 to 19, respectively). The 32P-labeled 5.7-kb BamHI fragment from plasmid RF333 and the 6.4-kb BamHI fragment from
plasmid RF319 (7, 11) were used as probes (A and B, respectively).
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We investigated the phylogenetic distribution of the SPI-1 and SPI-2 pathogenicity islands in Salmonella spp.
SPI-1 was present in representatives of all eight subspecific groups, but no SPI-2-hybridizing sequences were
detected in group V (S. bongori). Our data suggest that SPI-2 was acquired by S. enterica after its split from S.
bongori.
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FIG. 2. Evolutionary relationships of Salmonella Reference Collection C
strains based on variation in the nucleotide sequences of five housekeeping genes
(4). Strain numbers refer to those described in the legend to Fig. 1, and the eight
groups are designated by roman numerals.

invA (19); however, a PCR-based assay of invA from 29 independently isolated strains typed to serovar senftenberg (s2298,
s2354, s2356 to s2360, s2362, s2363, s2366 to s2374, s2378,
s2383 to 2385, and s2387 to s2393) provided no evidence of a
deletion from any other strain tested (data not shown). The
prevalence of this gene within serovar senftenberg suggests
that strains lacking invA are not characteristic of this serovar
but, rather, represent sporadic cases of secondary loss.
In contrast to SPI-1, which contains a large set of genes
having sequence and functional homologs in other invasive
enteric pathogens (1, 9, 10, 12), sequences from the SPI-2
island appear to be restricted to salmonellae (7, 11). (Note that
SPI-2 corresponds to clone RF333 described in these previous
publications.) Given its distribution among enteric bacteria
and its role in Salmonella virulence, we anticipated that the
SPI-2 pathogenicity island would be present in all strains and
subspecies of the genus Salmonella but this is not the case.
EcoRI-treated chromosomal DNAs of Salmonella strains
from Salmonella Reference collection C (4) were electrophoresed through 0.8% agarose gels, transferred to nylon membranes, and probed with a 32P-labeled 5.7-kb BamHI fragment
encompassing four genes, spiA, spiB, spiC, and spiR, situated in
the SPI-2 pathogenicity island. Representative strains of
groups I, II, IIIa, IIIb, IV, VI, and VII (which constitute S.
enterica) contained sequences that hybridized to this probe
(Fig. 1A); however, no signal was detected in DNA prepared
from strains s3041 and s3044 from group V (S. bongori). In
contrast, a probe containing nine spa genes, spaLMNOPQRST,
from SPI-1 hybridized to the DNAs of all eight S. enterica
subspecies (Fig. 1B). As previously demonstrated (11), no signal was detected in Escherichia coli K-12 hybridized with either
probe.
On the basis of multilocus enzyme electrophoresis analysis
and the nucleotide sequences of 12 genes from Salmonella
Reference Collection C strains, S. bongori is the most divergent
form of salmonellae (4), which has led to its classification as a
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species distinct from S. enterica (20). The most parsimonious
explanation for the hybridization pattern detected in the
present study is that the SPI-2 pathogenicity island is ancestral
to S. enterica, acquired after its split from S. bongori but prior
to the diversification of groups I, II, IIIa, IIIb, IV, VI, and VII
(Fig. 2).
The SPI-2 island maps to the 319 region of the S. enterica
serovar typhimurium LT2 chromosome. It harbors at least 15
genes that code for a type III secretion apparatus, similar to
those detected in other animal and plant pathogens (17, 23),
and for a two-component regulatory system (18, 22). Unlike
SPI-1, which also codes for a type III secretion system and
regulatory proteins, the SPI-2 region is not necessary for the
invasion of host cells but is needed for intramacrophage survival (18). Thus, by conferring the ability to invade epithelial
cells, evade host defense systems, and cause systemic infections
in mammals, the acquisition of both SPI-1 and SPI-2 pathogenicity islands was critical in the development of salmonellae as
a intracellular pathogen. In this regard, it is perhaps not surprising that S. bongori s3041 and s3044 were isolated from
nonmammalian hosts, a frog and a bird, respectively. We are
currently investigating whether such strains, which lack SPI-2
sequences, are capable of surviving in macrophage cell lines
and provoking lethal infections in mammalian hosts.
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