
JOURNAL OF BACTERIOLOGY, June 2003, p. 3624–3635 Vol. 185, No. 12
0021-9193/03/$08.00�0 DOI: 10.1128/JB.185.12.3624–3635.2003
Copyright © 2003, American Society for Microbiology. All Rights Reserved.

Variation between Pathogenic Serovars within Salmonella
Pathogenicity Islands

P. Amavisit,1† D. Lightfoot,2 G. F. Browning,1* and P. F. Markham1

Department of Veterinary Science1 and Microbiology Diagnostic Unit,2 The University of Melbourne,
Parkville 3010, Victoria, Australia

Received 5 September 2002/Accepted 2 April 2003

Although four of the five Salmonella pathogenicity islands (SPIs) have been characterized in detail for
Salmonella enterica serovar Typhimurium, and the fifth has been characterized for Salmonella enterica serovar
Dublin, there have been limited studies to examine them in detail in a range of pathogenic serovars of S.
enterica. The aim of this study was to examine these regions, shown to be crucial in virulence, in pathogenic
serovars to identify any major deletions or insertions that may explain variation in virulence and provide
further understanding of the elements involved in the evolution of these regions. Multiple strains of each of the
13 serovars were compared by Southern blot hybridization using a series of probes that together encompassed
the full length of all five SPIs. With the exception of serovar Typhimurium, all strains of the same serovar were
identical in all five SPIs. Those serovars that differed from serovar Typhimurium in SPI-1 to SPI-4 and from
serovar Dublin in SPI-5 were examined in more detail in the variant regions by PCR, and restriction
endonuclease digestion and/or DNA sequencing. While most variation in hybridization patterns was attribut-
able to loss or gain of single restriction endonuclease cleavage sites, three regions, in SPI-1, SPI-3, and SPI-5,
had differences due to major insertions or deletions. In SPI-1 the avrA gene was replaced by a 200-base
fragment in three serovars, as reported previously. In SPI-5, two serovars had acquired an insertion with
similarity to the pagJ and pagK genes between pipC and pipD. In SPI-3 the genes sugR and rhuM were deleted
in most serovars and in some were replaced by sequences that were very similar to either the Escherichia coli
fimbrial operon, flanked by two distinct insertion sequence elements, or to the E. coli retron phage �R73. The
distribution of these differences suggests that there have been a number of relatively recent horizontal transfers
of genes into S. enterica and that in some cases the same event has occurred in multiple lineages of S. enterica.
Thus, it seems that insertion sequences and retron phages are likely to be involved in continuing evolution of
the pathogenicity islands of pathogenic Salmonella serovars.

Clusters of chromosomal virulence genes, termed Salmo-
nella pathogenicity islands (SPIs), found only within the genus
Salmonella and not in Escherichia coli, provide a molecular
basis for understanding Salmonella pathogenicity. Most of the
SPIs are adjacent to tRNA genes and have a G�C composition
different from that of the rest of the chromosome, suggesting
acquisition by horizontal transfer, though the origin of the SPIs
and the mechanisms of their transfer are still unclear. At least
five pathogenicity islands (SPI-1 to -5) have been found in a
range of serovars of Salmonella enterica, with a further five
islands with characteristics of SPIs identified in the complete
genome of S. enterica serovar Typhi (23).

SPI-1 is a 40-kb chromosomal locus at centisome (cs) 63 in
S. enterica serovar Typhimurium and is required for the inva-
sion of host cells and induction of macrophage apoptosis (7).
The genes within this island encode a type III secretion system,
including the secretion apparatus components, effectors, chap-
erones, and regulators (11, 25). Salmonella bacteria containing
mutations in these genes are attenuated in mice infected orally
but fully virulent after intraperitoneal administration (12).

A second type III secretion system is encoded within SPI-2

at cs 30. SPI-2 is adjacent to the tRNAval gene and harbors
genes required for systemic infection and replication within
macrophages. The attenuation of SPI-2 mutants after intra-
peritoneal and oral inoculation indicates that the role of this
system is in interactions subsequent to epithelial entry (32).

SPI-3, SPI-4, and SPI-5 are also found next to tRNA genes.
SPI-3 harbors 10 genes, including the mgtCB operon, which is
regulated by PhoPQ and is required for survival in macro-
phages and growth in low-Mg2� environments (3). SPI-4 en-
codes 18 genes and is suspected to be required for intramac-
rophage survival (38). The fifth pathogenicity island is located
next to serT and contains six genes, four of which have been
shown to be involved in enteritis in calves (39).

The molecular genetic relationships between Salmonella
species have been investigated using multilocus enzyme elec-
trophoresis, by comparisons of sequences of specific genes, and
by examining the distribution of some genes within SPI-1, -2,
and -3 using Southern hybridization (3, 4, 22, 31). These stud-
ies have established that there are eight subspecies within the
genus, with the major pathogens of mammals and birds falling
into subspecies I. Southern hybridization using a probe con-
taining spaLMNOPQRST from SPI-1 detected a positive signal
in both S. enterica (subspecies I, II, IIIA and B, IV, VI, and
VII) and Salmonella bongori (subspecies V), but a probe con-
taining spiABCR of SPI-2 did not detect a signal in S. bongori.
The stability of only SPI-1 genes in both Salmonella species
suggests that SPI-2 was probably acquired by horizontal trans-
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fer after the ancestor of S. enterica diverged from that of S.
bongori (22). However, another study of SPI-2 genes showed
that a number of SPI-2 genes could be found within S. bongori
(16). The gene function, base composition and codon usage
and the distribution of the genes among Salmonella spp. sug-
gest that SPI-2 has a mosaic structure which probably resulted
from multiple horizontal transfer events (16).

A study of the phylogenetic distribution of SPI-3, using nine
probes that encompassed part of each of the genes within
SPI-3, showed that this SPI varied between serovars within S.
enterica. Southern hybridization established that the probes
derived from sugR and rhuM, which are at the left end of SPI-3
(Fig. 1), revealed the most variable patterns among the sub-
species of S. enterica, and no hybridizing fragments were de-
tected for S. bongori (3).

SPI-4 and SPI-5 were found to be conserved among several
pathogenic serovars within S. enterica subspecies I that were
tested using Southern blot hybridization (38, 39). Two 5-kb
probes, which were derived from the SPI-4 genes I, J, and K
and genes O, P, Q, and R, were found to hybridize to a range
of serovars, including S. enterica serovars Dublin, Enteritidis,
Gallinarum, Minnesota, Paratyphi, Pullorum, Typhi, and Ty-
phimurium (38). Three probes from SPI-5 genes (pipD, sopB,
and pipAB) have been used to show that all four of these genes
are present in S. enterica serovars Choleraesuis, Enteritidis,
Gallinarum, Pullorum, and Typhimurium (39).

While these large-scale comparisons suggest that SPI-1 is
stable, recent detailed sequence comparisons of the spaM,
spaN, spaO, spaP, spaQ, invA, invE, and invH genes in SPI-1 in
a range of Salmonella strains representative of the eight Sal-

monella subspecies have demonstrated recombinational events
within SPI-1 in the inv-spa genes, principally involving S. en-
terica subspecies IV and VII (6). These studies suggest that
more detailed studies are needed in order to fully understand
the evolution of the SPIs. Furthermore many of the previous
studies of variation within the SPIs have used probes covering
a limited extent of the islands and thus could not be expected
to have detected all the variation within the SPIs.

The aim of this study was to investigate genetic variation
across the full length of the five well-characterized SPIs in a
range of pathogenic serovars in S. enterica subspecies I. South-
ern hybridization and restriction fragment length polymor-
phism (RFLP) analysis were used to examine genetic variation
within and between serovars, and DNA sequence analysis was
used to examine the differences in more detail. Such elucida-
tion of the distribution of SPI genes in Salmonella serovars may
yield a better understanding of the evolution of pathogenic
serovars and the role of SPIs in the differences in pathogenesis
and epidemiology of different serovars.

MATERIALS AND METHODS

Bacterial strains. A collection of two or three strains of each of 13 pathogenic
serovars of S. enterica was used (Table 1). Most of the strains examined were
obtained from the Microbiology Diagnostic Unit, The University of Melbourne
(Melbourne, Australia). The exceptions were serovar Choleraesuis strains 936
(11), 930 (9), and 1198 (1) and serovar Enteritidis strain 2099, which were
obtained from Faculty of Veterinary Science, Kasetsart University (Bangkok,
Thailand), S. enterica serovar Ratchaburi strains 183398 (1), 183898 (5), and
184198 (6), which were obtained from the WHO National Salmonella and Shi-
gella Centre, Bangkok, Thailand, and serovar Typhimurium strains SL1344, C5

FIG. 1. Variation between Salmonella serovars within SPI-3 as detected using Southern hybridization and chromosomal amplification analysis.
(A) SPI-3 genes and their direction of transcription (modified from reference 3). (B) Extent of hybridization probe 3 and PCRs (shaded blocks)
used for detailed analysis. (C) EcoRV and HindIII restriction maps for serovar Typhimurium SL1344. The numbers indicate the sizes of the
HindIII and EcoRV fragments detected (in kilobases). �, presence of HindIII and EcoRV fragment of the same size as that seen in serovar
Typhimurium SL1344. �, serovar Typhimurium strains 9806584 (PT9), C5, LT2, and SL1344.
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and LT2, which were kindly donated by Richard Strugnell, Department of Mi-
crobiology and Immunology, The University of Melbourne.

Restriction endonuclease digestion and Southern transfer. Genomic DNA
from each of the strains was extracted using the High Pure PCR Template
Preparation kit (Roche Diagnostics, Mannheim, Germany), following the
method recommended by the manufacturer. Approximately 1 �g of Salmonella
DNA was digested with 20 U of restriction endonucleases EcoRV, HindIII, or
BglII or with 20 U each of a combination of restriction endonucleases EcoRV
and HindIII or EcoRV and BglII at 37°C for 3 h. The DNA fragments were
separated by electrophoresis in 0.8% agarose gels and capillary transferred to
Hybond N� membranes (27).

Preparation of PCR probes. The DNA probes used in Southern hybridization
were prepared by amplification of one or more fragments that spanned each SPI
(see supplemental information at ftp://jb:jb@ftp.vet.unimelb.edu.au/). For SPI-1,
the first probe, 1A, extended from fhlA to hilA and was approximately 14 kb long;
the second, 1B, was 15 kb in length, overlapped probe 1A within hilA, and
finished within spaP; and the third, 1C, was 10 kb in length, overlapped probe 1B,
and covered spaP to invH (ftp://jb:jb@ftp.vet.unimelb.edu.au/).

The probes produced for SPI-2, 2/31 and 2/30, were approximately 26 and 16
kb in length, respectively. Probe 2/31 encompassed genes ssaU to ssrB, and probe
2/30 encompassed genes ssrB to orf48 (ftp://jb:jb@ftp.vet.unimelb.edu.au/).

For SPI-4, probes 4A and 4B were 15 and 8 kb in length, respectively. Probe
4A encompassed genes A to M, and probe 4B encompassed genes M to R
(ftp://jb:jb@ftp.vet.unimelb.edu.au/). For both SPI-3 and SPI-5, single probes, 3

and 5, of 17 and 6.5 kb, respectively, were produced (ftp://jb:jb@ftp.vet.unimelb
.edu.au/) (Fig. 1).

SPI primers. PCR primers for SPI-1 were derived by examination of GenBank
accession numbers U16278 and U84286, searches of the serovar Typhi sequence
database at the Sanger Centre (http://www.sanger.ac.uk), and searches of the
serovar Typhimurium sequence database at Washington University (http:
//genome.wustl.edu) (20, 23). Primers for SPI-2 were derived by examination of
the sequences under GenBank accession numbers X99944, Y09357, AJ224892,
U51927, Z95891, AJ224978 and X99945. The primers for SPI-3, SPI-4, and SPI-5
were derived by examination of the sequences under GenBank accession num-
bers AF106566, AF060869, and AF060858, respectively. The oligonucleotide
sequence of each primer, the length and position of expected PCR fragments,
and the amplification conditions are shown in the supplemental information on
our website (ftp://jb:jb@ftp.vet.unimelb.edu.au/).

Amplification of SPI probes. Target DNA for production of probes for SPI-1,
-2, -3, and -4 was prepared by phenol-chloroform extraction of the chromosomal
DNA of serovar Typhimurium type strain SL1344, and that for probes for SPI-5
was prepared by phenol-chloroform extraction of the chromosomal DNA of
serovar Dublin. Approximately 100 to 200 ng of DNA template was used for
amplification of products up to 18 kb, and for longer amplification products the
amount of DNA was increased to 250 to 500 ng.

The long template PCR was prepared as two separate mixtures of 25 �l each
in thin-walled PCR tubes. The first mixture contained 10 �l of 5� Expand plus
PCR buffer, 2.6 U of Expand 20 kb plus enzyme mixture (Roche Diagnostics),
and distilled water to a final volume of 25 �l. The second contained a 500 �M
concentration (each) of deoxynucleoside triphosphates, a 0.4 �M concentration
(each) of primer, the required amount of template, and distilled water to a final
volume of 25 �l. The concentration of each deoxynucleoside triphosphate was
decreased to 350 �M when the expected PCR product was smaller than 12 kb.
The PCR mixture was overlaid with 40 �l of mineral oil when the extension time
was longer than 13 min/cycle. All the reactions were performed using a Gene
Amp Model 2400 thermocycler (Perkin-Elmer).

PCR cycle conditions were individually adjusted for each probe depending on
the expected size of the PCR product. The two mixtures were combined and
immediately incubated at 92°C for 3 min followed by 10 cycles of 92°C for 10 s,
the appropriate annealing temperature for 30 s and 68°C for the appropriate
elongation time, followed by another 20 cycles of 92°C for 10 s, the appropriate
annealing temperature for 30 s and 68°C for the appropriate elongation time with
10 s/cycle added to the time, and a final incubation at 68°C for 7 min. The
annealing temperatures and the extension times for each pair of primers are
shown on our website (ftp://jb:jb@ftp.vet.unimelb.edu.au.).

The fragments amplified for probe preparation were partially sequenced using
the forward and reverse PCR primers and the ABI Prism BigDye Terminator
Sequencing Ready Reaction kit (Perkin-Elmer Applied Biosystems) following
the manufacturer’s instructions.

Southern blot hybridization. The Southern blots were hybridized with pre-
pared probes at 55°C in hybridization buffer (0.5 M Na2HPO4 [pH 7.2], 7%
[wt/vol] sodium dodecyl sulfate [SDS], 0.01% [wt/vol] bovine serum albumin, and
0.1 mM EDTA [pH 8]) for 4 h. The membranes were washed once for 20 min in
0.1� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate)–0.5% SDS,
followed by three washes for 20 min each in 2� SSC–0.5% SDS at 55°C, and then
subjected to autoradiography (27).

Investigation of serovars that had variant hybridization patterns. Several
serovars had bands of different sizes or no hybridization signal in specific regions.
The SPI regions found to differ in these serovars were subjected to further
analysis by PCR and restriction endonuclease cleavage and/or DNA sequence
analysis. Differences in hybridization patterns at the left-hand side of SPI-1 were
investigated using the primer pairs 1A/F and orgC/R, orgC/F and prgK/R, sitD/F
and orgC/R, sitD/F and sprB/R, and sprB/F and orgC/R to amplify the DNA
sequences within this region (ftp://jb:jb@ftp.vet.unimelb.edu.au/). PCR products
that were derived by amplification between fhlA and orgC (using primers 1A/F
and orgC/R) were digested with EcoRV, and their restriction endonuclease
cleavage patterns were verified using Southern blot hybridization with probe 1A.
The products derived by amplification between sitD and sprB were investigated
further by nucleotide sequencing. The regions between spaS and spaO of SPI-1
(ftp://jb:jb@ftp.vet.unimelb.edu.au/) of serovar Ratchaburi and serovar Typhi-
murium SL1344 were amplified using primers spaS/F and spaO/R (ftp://jb
:jb@ftp.vet.unimelb.edu.au/). These PCR products were digested with EcoRV,
and the sizes of the fragments were compared.

To investigate differences observed in the hybridization pattern of SPI-2 in S.
enterica serovar Derby, the region between ssrA and ssrB was amplified using the
primer pair ssrA/F and ssrB/R (ftp://jb:jb@ftp.vet.unimelb.edu.au/). The regions
between ssaV and sscA, and between ssaE and sseF, were amplified using the

TABLE 1. Salmonella isolates used in analysis of SPI variation

Serovar Isolate no. Placea Dateb Sourcec

Bovismorbificans PT12 9805044 VIC 18/2/98 Bovine
Bovismorbificans PT13 9714094 VIC 21/4/97 Env
Bovismorbificans PT13 9713604 VIC 11/3/97 Env
Choleraesuis 936(11) THAI 10/2/98 Porcine
Choleraesuis 930(9) THAI 15/6/98 Porcine
Choleraesuis 1198(1) THAI 16/6/98 Porcine
Derby 9813031 VIC 13/7/98 Bovine
Derby 0010160 VIC 9/6/00 Porcine
Derby 0010158 VIC 9/6/00 Porcine
Dublin 9805277 VIC 11/3/98 Bovine
Dublin 0009131 VIC 15/5/00 Bovine
Dublin 0009321 VIC 2/6/00 Bovine
Enteritidis PT4 2099 THAI 15/7/98 Avian
Enteritidis PT4 9915159 INDO 5/7/99 Avian
Enteritidis PT4 9915161 INDO 5/7/99 Avian
Heidelberg 547359 VIC 14/12/92 Equine
Heidelberg 9718249 VIC 4/6/97 Env
Hessarek 9820034 VIC 26/10/98 Equine
Hessarek 9904270 VIC 16/2/99 Marsupial
Hessarek 9923235 VIC 12/11/99 Feline
Infantis 9811189 VIC 15/6/98 Avian
Infantis 0007640 VIC 29/4/00 Avian
Infantis 0007632 VIC 18/4/00 Avian
Ohio 9815932 VIC 3/7/98 Porcine
Ohio 9714920 VIC 30/4/97 Env
Ohio 9714922 VIC 30/4/97 Env
Ratchaburi 183398(1) THAI 8/6/98 Human
Ratchaburi 183898(5) THAI 10/6/98 Human
Ratchaburi 184198(6) THAI 17/6/98 Human
Typhimurium PT9 9806584 VIC 30/3/98 Porcine
Typhimurium C5 18
Typhimurium LT2 19
Typhimurium SL1344 17
Virchow PT34 0002063 VIC 5/2/00 Human
Virchow PT8 0002141 QLD 26/1/00 Human
Virchow PT34 0001122 VIC 12/1/00 Avian
Zanzibar 9800913 VIC 12/1/98 Bovine
Zanzibar 0009698 VIC 5/6/00 Bovine
Zanzibar 0009734 VIC 8/6/00 Bovine

a Place of isolation. VIC, Victoria; THAI, Thailand; INDO, Indonesia; QLD,
Queensland.

b Date of isolation (day/month/year).
c Source or reference. Env, environmental isolate.
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primer pairs ssaV/F and sscA/R and ssaE/R and sseF/F. The resultant PCR
products were examined by digestion with EcoRV or HindIII.

The regions at the left-hand end of SPI-3 were examined in further detail by
Southern blot hybridization with probe 3A, a 2.7-kb PCR product encompassing
sugR to rhuM in serovar Typhimurium SL1344. The probe was radiolabeled with
[�32-P]dATP and hybridized at 60°C to EcoRV- and HindIII-digested chromo-
somes. The membrane was washed three times with 0.1� SSC–0.5% SDS at 60°C
for 20 min each. DNA products were amplified from strains using five different
primer pairs, sugR/F and rhuM/R, 3/F and rhuM/R, rhuM/F and rmbA/R, 3/F
and misL/R, and selC/F and misL/R (ftp://jb:jb@ftp.vet.unimelb.edu.au/). PCR
products encompassing selC to misL were digested with EcoRV, Southern blot-
ted, and hybridized to radiolabeled probe 3 or 3A. These PCR products were
also used for DNA sequence analysis.

The primer pair (4B/F and 4B/R) (ftp://jb:jb@ftp.vet.unimelb.edu.au/) used to
produce probe 4B was used to amplify the corresponding region from genomic
DNA of S. enterica serovars Derby, Dublin, Heidelberg, Hessarek, Ohio, and
Ratchaburi. The resultant PCR products were digested with EcoRV. The primer
pair 4K/F and 4A/R were used for amplification of the region between genes K
and L in S. enterica serovars Derby, Dublin, Enteritidis, Heidelberg, Infantis,
Ohio, Ratchaburi, Virchow, and Zanzibar.

The SPI-5 regions from a representative strain of each of the 13 serovars were
amplified using primers 5/F and 5/R (ftp://jb:jb@ftp.vet.unimelb.edu.au/). The
PCR was prepared as described for SPI-5 probe preparation but using the
enzyme Expand High Fidelity PCR (Roche Diagnostics) and 5 �l of 10� Expand
High Fidelity PCR buffer with 15 mM MgCl2. Immediately after mixing, the PCR
was incubated at 93°C for 3 min, followed by 10 cycles of 93°C for 30 s, 60°C for
1 min, and 68°C for 5 min and another 20 cycles of 93°C for 30 s, 60°C for 1 min,
and 68°C for 5 min with 10 s added each cycle using a Hybaid OmniGene
thermocycler (Hybaid). The PCR fragments were separated in a 0.8% agarose
gel and purified using a QiaexII gel extraction kit (Qiagen). Approximately 300
ng of purified PCR products were digested with 10 U of either EcoRV or DraI
or with 10 U of both enzymes, and the sizes of the fragments were compared.

Two primer pairs, sopB/F and sopB/R and pipC/F and pipB/R, were used to
amplify the sopB gene and the region between pipC and pipB, respectively, from
SPI-5 in selected serovars. The resultant PCR products were digested with 10 U
of EcoRV and/or DraI, and fragments were separated in a 2% agarose gel and
further analyzed by DNA sequencing to identify the sequences that differed from
serovar Dublin.

Nucleotide sequencing and phylogenetic analysis. The purified PCR products
of each variant region were sequenced by primer walking using an ABI BigDye
terminator sequencing kit, except that the long insertions in serovar Derby and
serovar Hessarek within SPI-3 were subcloned into pUC19, and purified plas-
mids were used as a template for sequencing.

DNA sequences were assembled and edited using the software package Ge-
neWorks (Oxford Molecular Group, Inc.), the programs EclustalW (34) and
DNA Strider 1.2 (by Christian Marck, Service de Biochimie, Départment di
Biologie, Institut di Recherche Fondamentale, CEA, Coif-sur-Yvette, France),
and the GCG package run on the Australian National Genomic Information
Service. Database searching was done using programs available through the
Australian National Genomic Information Service, including BlastX (36), BlastN
(1), and FastA (24).

The phylogenetic analysis of the 13 Salmonella serovars was performed using
restriction endonuclease cleavage data obtained for the five pathogenicity is-
lands. The EcoRV restriction sites in all five islands and the HindIII sites in SPI-1
and -2 were used. HindIII sites in SPI-3 and -4 were not used because not all sites
could be accurately mapped. The analysis did not include regions of the SPIs that
were not present in all serovars.

The phylogenetic inference was performed using the Restml program in
PHYLIP (Phylogeny Inference Package) version 3.6 for the PowerMac, distrib-
uted by J. Felsenstein, Department of Genetics, University of Washington, Se-
attle (9). Global rearrangement was used to search for the best tree, but the input
order was not randomized. Statistical analysis of the tree topology was performed
using bootstrap resampling of the data using the Seqboot program (in PHYLIP
3.6). One hundred resamplings were then analyzed using Restml as described
above. Consense (in PHYLIP 3.6) was then used to derive a consensus tree.

Nucleotide sequence accession numbers. The sequences of the insertions in
SPI-3 in serovars Ratchaburi and Derby were assigned the GenBank accession
numbers AY144489 and AY144490, respectively. The sequences of the insertions
in SPI-5 in serovar Ohio and serovar Derby were assigned the GenBank acces-
sion numbers AY 144491 and AY144492, respectively.

RESULTS

Variation in SPI-1 to SPI-5 within each serovar. With the
exception of serovar Typhimurium, all strains within the same
serovar had the same Southern hybridization pattern with each
of the SPI probes (data not shown). This implies that classifi-
cation using serotyping, which differentiates salmonellae on
the basis of their lipopolysaccharide and flagellum antigens,
was generally representative of the genotype, even within the
more variable SPI regions.

Variation between Salmonella serovars within SPI-1. Three
probes (1A, 1B, and 1C) were used to examine variation be-
tween different Salmonella serovars in SPI-1. Hybridization of
probe 1A to EcoRV-digested chromosomes resulted in a sim-
ilar pattern in most of the strains tested (ftp://jb
:jb@ftp.vet.unimelb.edu.au/). The 5.9-kb fragment seen in se-
rovar Typhimurium, encompassing genes sitD, avrA, sprB,
sprA, orgC, orgD, and orgA of SPI-1, was absent in S. enterica
serovar Bovismorbificans, serovar Virchow, serovar Cholerae-
suis, serovar Ohio, and serovar Ratchaburi, but fragments of 8,
8, 5.1, 7.2, and 7.2 kb, respectively, were seen. These five
serovars were subjected to further analysis of the sequences
within this region.

To verify the different hybridization patterns at the left-hand
end of SPI-1 for serovars Bovismorbificans and Virchow, the
primers 1A/F and orgC/R were used to amplify chromosomal
DNA from both serovars and from serovar Typhimurium
SL1344. The PCR products obtained from all three were 7.9 kb
in size but had differing EcoRV cleavage patterns.

Four pairs of primers, sitD/F and orgC/R, orgC/F and
prgK/R, sitD/F and sprB/R, and sprB/F and orgC/R, were used
to amplify fragments of SPI-1 from the five serovars mentioned
above. In all five serovars the products encompassing sprB to
orgC and orgC to prgK were 2.1 and 3.1 kb in size, respectively,
and the 3.1-kb products had identical EcoRV cleavage pat-
terns. The PCR products encompassing sitD to sprB from se-
rovar Bovismorbificans, serovar Virchow, and strain SL1344
were 1.5 kb in size, whereas those from serovars Choleraesuis,
Ohio, and Ratchaburi were 600 bp in size. Sequence analysis of
the PCR products showed that these last three serovars lacked
approximately 900 bp, corresponding to avrA. The nucleotide
sequences at each end of the 600-bp PCR product were iden-
tical to those of serovar Typhimurium, but the sequence that
would encode AvrA was replaced by a 200-bp fragment flanked
by sitD and sprB. The nucleotide sequences were similar for all
three serovars (ftp://jb:jb@ftp.vet.unimelb.edu.au/) and con-
tained an open reading frame (ORF) that would encode a
protein, the sequence of which was not significantly similar to
any protein sequence in the GenBank database.

The hybridization patterns obtained using probes 1B and 1C
on Southern blots of chromosomes digested with HindIII or
EcoRV were nearly identical for all isolates. The one obvious
difference was detected at the border of SPI-1, next to invH,
with either a 2.8- or 2.9-kb HindIII fragment seen. All other
differences were attributable to the loss or gain of cleavage
sites.

Variation between Salmonella serovars within SPI-2. Two
probes, 2/31 and 2/30 (ftp://jb:jb@ftp.vet.unimelb.edu.au/), de-
rived from SPI-2 at the cs 31 and cs 30 regions, respectively,
were used to probe Salmonella chromosomal DNA digested
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with either HindIII or EcoRV. The only differences detected
were attributable to the loss or gain of restriction endonuclease
cleavage sites, not insertions or deletions.

Variation within SPI-3 between Salmonella serovars. The
17-kb probe derived from SPI-3 detected much more variable
hybridization patterns in the serovars examined than did the
other SPI probes (Fig. 1). Digestion of the chromosomes with
HindIII revealed the most-variable hybridization pattern, with
many fragments seen in S. Typhimurium SL1344 absent in
other serovars. The absence of many HindIII fragments re-
sulted from the absence of HindIII cleavage sites within SPI-3
in different serovars. Hybridization with either EcoRV- or
BglII-digested chromosomes revealed less-variable patterns.
SPI-3 hybridization patterns of chromosomes digested with
EcoRV or with EcoRV and HindIII showed that most serovars
tested had fragments that corresponded with genes rmbA,
misL, fidL, marT, slsA, cigR, mgtB, and mgtC in the middle and
on the right-hand side of SPI-3 (Fig. 1). The left-hand end of
SPI-3, containing sugR and rhuM, was found to be the most
variable region. Of the 13 serovars tested, serovars Cholerae-
suis, Dublin, Enteritidis, Heidelberg, and Typhimurium pos-
sessed the fragments of 2041, 738, and 1064 bp that encom-
passed the genes sugR and rhuM, but the other 8 serovars,
including serovars Bovismorbificans, Derby, Hessarek, Infan-
tis, Ohio, Ratchaburi, Virchow, and Zanzibar, had fragments
of different sizes or appeared to lack fragments within this
region (Fig. 1). Probe 3A (2.7 kb), encompassing sugR and
rhuM of serovar Typhimurium SL1344, revealed that the hy-
bridization pattern in this region was identical to that obtained
using probe 3 (17 kb) and that many serovars did not have
positive signals for the sugR and rhuM genes.

The genomic DNAs from the eight variant serovars and
strain SL1344 were further amplified using primer pairs
sugR/F and rhuM/R, 3/F and rhuM/R, rhuM/F and rmbA/R,
3/F and misL/R, and selC/F and misL/R. Only serovar Typhi-
murium and serovar Ohio yielded specific PCR products using
every primer pair, and most of the serovars examined yielded
no specific PCR products for most of the primer pairs (Table
2). However, primer pair selC/F and misL/R did generate
specific PCR products for all serovars examined, and primer
pair sugR/F and rhuM/R produced a specific product from
serovar Ohio (Table 2). The results indicated that the DNA
sequence following the selC tRNA gene was variable, and this
region was subjected to further analysis by DNA sequencing.

The serovar Ohio PCR product of 2.3 kb, amplified using
primers sugR/F and rhuM/R, showed high nucleotide similar-
ity to sugR of serovar Typhimurium, but there was a 516-bp
deletion within the gene, and the sequences at the junctions of
the deletion at both ends were directly repeated (ftp://jb
:jb@ftp.vet.unimelb.edu.au/). However the nucleotide se-
quences of rhuM of serovars Ohio and Typhimurium were 99%
identical, and the gene arrangement in serovar Ohio was iden-
tical to that shown in Fig. 1.

Amplification of Salmonella genomic DNA with primer pair
selC/F and misL/R revealed that there was variation in the
nucleotide sequence between selC and rhuM in many serovars.
Serovars Bovismorbificans, Infantis, Virchow, and Zanzibar
yielded PCR products of approximately 2.4 kb. Serovar Ohio
and serovar Ratchaburi yielded PCR products of 5.8 and 5.5
kb, respectively, and serovar Derby and serovar Hessarek
yielded 13-kb PCR products. Strain SL1344 yielded the ex-
pected 6.2-kb product (Table 2).

The PCR products obtained using primer pair selC/F and
misL/R were digested with EcoRV, and the RFLP patterns
were examined. A fragment of 1.6 kb was seen in RFLPs of all
serovars except serovar Zanzibar. Southern hybridization using
probe 3 (17 kb of SPI-3) but not probe 3A (sugR and rhuM)
detected the 1.6 kb-EcoRV fragments and a 2.3-kb fragment of
serovar Zanzibar, indicating that the DNA region following
rhuM was present in all strains examined.

Comparison of the selC region of serovars Bovismorbificans,
Infantis, Virchow, and Zanzibar with that of serovar Typhi-
murium showed that there was a deletion immediately after
selC in these four serovars. A 4.6-kb DNA sequence of SPI-3 of
serovar Typhimurium was reduced to around 0.7 kb in each of
the four serovars. Southern hybridization using probe 3A
showed that the genes sugR and rhuM were not present in the
0.7-kb region. Sequence analysis at the left end of SPI-3 re-
vealed that the four serovars had nucleotide sequences similar
to each other’s but that serovar Zanzibar lacked an EcoRV
restriction site at base 831 relative to the end of selC and that
serovar Virchow had a 10-bp tandem duplication of the se-
quence from 454 to 463 and a 30-bp insertion between base 702
and base 732 (Fig. 2). DNA database searches showed that the
sequence from base 219 to 438 of the region after selC in
serovars Bovismorbificans, Infantis, Virchow, and Zanzibar
was similar to the sequence between bases 4251 and 4470 of
SPI-3 of serovar Typhimurium (GenBank accession no.
AF106566). The nucleotide sequence after the first 0.7 kb of
SPI-3 of the four serovars (from base 712 in serovar Virchow
and base 693 in serovars Bovismorbificans, Infantis, and Zan-
zibar) was similar to SPI-3 of serovar Typhimurium (Fig. 2).
The sequence from base 54 to base 190 had significant simi-
larity to part of a putative transposase B gene of IS3 of Erwinia
herbicola (GenBank accession no. AF327445). The sequence
from base 439 to 691 (711 in serovar Virchow) in the four
serovars had no significant similarity to any sequence in the
GenBank database, but from base 466 the serovar Virchow
sequence, including the 10-bp tandem repeat, had significant
similarity to the serovar Typhi genome sequence at http://www
.sanger.ac.uk/Projects/S_typhi/blast_server.shtml (23).

Even though the size of the PCR product from selC to misL
of serovar Ratchaburi (5.5 kb) and that predicted for serovar
Typhimurium (6.2 kb) were similar, the RFLP and Southern

TABLE 2. PCR products derived from different SPI-3 primer pairs

Serovar

PCR product (kb) from:

selC/F and
misL/R

sugR/F and
rhuM/R

3/F and
rhuM/R

3/F and
misL/R

Bovismorbificans 2.4 —a — —
Derby 13 — — —
Hessarek 13 — — —
Infantis 2.4 — — —
Ohio 5.8 2.3 3.7 5.8
Ratchaburi 5.5 — — —
Virchow 2.4 — — —
Zanzibar 2.3 — — —
Typhimurium 6.2 2.7 4.1 6.2

a —, no specific product amplified.
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hybridization patterns of these two serovars were quite differ-
ent. Only the 1.6- and 0.7-kb fragments of the serovar Ratcha-
buri RFLP pattern (3, 1.6, and 0.7 kb) reacted with probe 3.
The hybridization pattern obtained with serovar Ratchaburi
was similar to those of serovars Bovismorbificans, Infantis,
Virchow, and Zanzibar, suggesting that the 3-kb fragment next
to selC in serovar Ratchaburi had a nucleotide sequence dif-
ferent from that within SPI-3 of serovar Typhimurium. Char-
acterization of this sequence determined that much of it was
very similar to the nucleotide sequence of E. coli retron phage
�R73 (33). The initial 334 bases were very similar to the first
334 bases of the �R73 phage genome inserted next to selC in
E. coli and included the 5� end of a truncated integrase gene,
which extended to the end of the 334-base region (ftp://jb
:jb@ftp.vet.unimelb.edu.au/). The region from base 338 to
base 449 had some similarity to the region from 10061 to 10172
of the �R73 phage genome (GenBank accession no. ECO-
LAA). The following serovar Ratchaburi sequence (base 470
to base 2586) had high similarity to a region extending from
10375 to 12487 of the �R73 sequence and encoded ORFs
homologous to the full length of an ORF of unknown function
and a reverse-transcriptase (RT) gene in �R73 (Table 3; Fig.
3). The following region of serovar Ratchaburi (base 2792 to
base 3510) was very similar to the region extending from base

1 to base 732 of SPI-3 in serovar Virchow, with the exception
of the 10-bp tandem repeat that was also absent from this
region in serovars Infantis, Bovismorbificans, and Zanzibar.
The sequence from base 3511, as with all the other serovars,
corresponded to SPI-3 of serovar Typhimurium.

EcoRV digestion of the PCR products obtained using prim-
ers selC/F and misL/R showed that the regions from selC to
misL in serovar Derby and serovar Hessarek were similar to
each other but different from those of all other serovars exam-
ined. An insertion of approximately 10 kb replaced a 4.6-kb
region in serovar Typhimurium. Southern hybridization
showed that no genes within SPI-3 of serovar Typhimurium
were located in this 10-kb fragment. Therefore, the genes sugR
and rhuM were absent in these two serovars. The complete
sequence of the insertion was determined for serovar Derby.
This revealed that the insertion contained seven fimbrial
genes, including structural, assembly, and chaperone genes, all
with the same transcriptional orientation (ftp://jb:jb@ftp.vet
.unimelb.edu.au/ [Table 4]). The order of six of these seven
genes corresponded exactly with that of their homologues in E.
coli K12. The seventh gene appeared to be a duplication of the
ecpD gene. This apparent fimbrial operon was flanked by two
truncated transposase genes with greatest similarity to trans-
posases in E. herbicola and Shigella sonnei. The 129-bp se-

FIG. 2. Variant SPI-3 regions in serovars Derby, Ratchaburi, Virchow, Infantis, Bovismorbificans, and Zanzibar compared to serovar Typhi-
murium. The regions encoding selC and rmbA are shown as arrows indicating the direction of transcription. Narrower boxes indicate the sequences
shared by some of the serovars, with shading used to distinguish the different regions. The large insertions in serovars Typhimurium, Derby, and
Ratchaburi and the genes they encode are shown as double-headed arrows. The insertions are shown at 1/10 the scale of the other regions.

TABLE 3. ORFs predicted within the insertion in serovar Ratchaburi SPI3

ORF Locationa Size (bp) G�C (%) E valueb Identity (%) Description of homologous gene (accession no.)

int 162–371 �210 46.7 3.70 � 10�36 95 Integrase of 	-R73 (A42465)
orf 711–1664 954 30.7 3.60 � 10�128 82.3 ORF of 	-R73 (ECOLAA)c

rt 1651–2602 951 31.9 2.30 � 10�173 76 Reverse transcriptase of 	-R73 (E41830)

a Nucleotide position in the sequenced DNA.
b Expected value obtained using BlastP and FastA (ORF only) to search the GenBank nonredundant bacterial database.
c Greatest identity obtained with ORF (10,611 to 11,554 bp) of accession ECOLAA.
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quence of serovar Derby immediately following selC was more
similar to LEE of enteropathogenic E. coli (75% identity over
128 bp) and the SHI-2 pathogenicity island of Shigella flexneri
(68% identity over 96 bp) than any other Salmonella sequence.
The right-hand end of the insertion (bases 8779 to 9216) had a
high level of similarity to IS630 of S. sonnei and included the 5�
end of a transposase gene, albeit with a nonsense mutation
(codon 17) and a 14-base deletion (at base 9041) that caused a
frame shift. Similarity between the insertion in serovar Derby
and the sequence found in SPI-3 in serovar Typhimurium
occurred 80 bases 3� to the similarity between serovar Typhi-
murium and serovars Ratchaburi, Bovismorbificans, Infantis,
Virchow, and Zanzibar (Fig. 2). The insertion of 263 bases
(relative to serovar Typhimurium) found in serovars Ratcha-

buri, Bovismorbificans, Infantis, Virchow, and Zanzibar within
the SPI-3 sequences preceding rmbA was also found in serovar
Derby (Fig. 2). Like serovars Ratchaburi, Bovismorbificans,
Infantis, and Zanzibar, serovar Derby did not contain the 10-
base tandem repeat seen in serovar Virchow. Limited sequenc-
ing confirmed that serovar Hessarek was very similar to serovar
Derby between base 21 and base 808.

Variation between Salmonella serovars within SPI-4. South-
ern blots of chromosomal DNA digested with EcoRV were
found to be the most suitable for analysis of SPI-4. Digestion
with HindIII produced patterns that were too variable, and
BglII yielded a number of fragments of similar size that could
not be clearly differentiated. The hybridization patterns ob-
tained using EcoRV-digested chromosomes showed that SPI-4

FIG. 3. Insertion at left-hand end of SPI-3 in serovars Ratchaburi and Derby compared to that in serovar Typhimurium, with selC at the left
side of each schematic. Open reading frames are shown as arrows indicating the direction of transcription. Lines in tpase2 of serovar Derby indicate
interruptions to the reading frame by a nonsense mutation and a deletion creating a frame shift.

TABLE 4. ORFs predicted within the insertion in S. Derby SPI3

ORF Locationa Size (bp) G�C (%) E valueb Identity (%) Description of homologous gene
product (accession no.) Species

Tpase1 438–774 �337 47.6 4.30 � 10�21 47 Putative transposase A
(AAG53985)

E. herbicola

yadC 1193–2419 1,227 39.4 2.50 � 10�37 33.5 Putative fimbrial-like protein
(AAC73246)

E. coli 0157:H7

yadK 2446–3036 591 46.4 1.20 � 10�56 46.2 Putative fimbrial-like protein
(AAG54440)

E. coli K12

yadL 3055–3636 582 49.1 2.70 � 10�34 38.8 Putative fimbrial-like protein
(AAC73248)

E. coli K12

yadM 3678–4259 582 45.5 1.60 � 10�49 46 Putative fimbrial-like protein
(AAG54442)

E. coli 0157:H7

htrE 4276–6750 2,475 46.9 0.0 64 Probable porin/fimbrial
assembly protein
(AAC73250)

E. coli K12

ecpD1 6897–7643 747 45.6 6.60 � 10�91 55 Probable pilin chaperone
similar to PapD
(AAC73251)

E. coli K12

ecpD2 7784–8422 639 49.3 4.80 � 10�172 100 Probable pilin chaperone
similar to PapD
(AAC73251)

E. coli K12

Tpase2c 8779–9110 �245 52.8 7.50 � 10�46 88 Transposase (BAA85092) S. sonnei

a Nucleotide position in the sequenced DNA.
b Expected value obtained using BlastP and FastA (ORF only) to search the GenBank nonredundant bacterial database.
c ORF contains one nonsense codon and a deletion of 14 bases compared to homologue. Analysis based on longest ORF in serovar Derby sequence.
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genes A, B, C, D, E, and F were stable for all serovars exam-
ined, whereas the regions containing genes G, H, I, J, K, L, M,
N, O, P, Q, and R showed variation (ftp://jb:jb@ftp.vet.unimelb
.edu.au/). However, all differences were attributable to loss or
gain of restriction endonuclease cleavage sites, rather than inser-
tions or deletions.

Variation between Salmonella serovars within SPI-5. The
EcoRV SPI-5 hybridization patterns of serovars Dublin, Bo-
vismorbificans, Enteritidis, Hessarek, Infantis, and Virchow
chromosomal DNA were the same and differed from those of
all the serovar Typhimurium and serovar Choleraesuis strains,
which had the same pattern as each other. Serovars Derby,
Heidelberg, Ohio, Ratchaburi, and Zanzibar had patterns dif-
ferent from those of the other serovars (ftp://jb:jb@ftp.vet
.unimelb.edu.au/).

The primers 5/F and 5/R were used in a PCR to amplify
SPI-5 from all serovars tested. The PCR products from sero-
vars Bovismorbificans, Choleraesuis, Enteritidis, Heidelberg,
Hessarek, Infantis, Ratchaburi, Virchow, Typhimurium, Zan-
zibar, and Dublin were approximately 6.5 kb, and digestion
with EcoRV yielded patterns that either were identical to those
of serovar Dublin or differed only by the loss or gain of cleav-
age sites. Serovars Derby and Ohio yielded PCR products of
approximately 7 kb.

Digestion with DraI and double digestion with EcoRV and
DraI revealed that the variation in the restriction patterns of
serovars Derby and Ohio might occur in sopB, pipC, or pipD
but that the region containing pipD, orfX, and pipA was con-
served.

Further study using the primers SopB/F and SopB/R to
amplify sopB from different serovars showed that sopB was the
same size as in serovar Dublin but that there was an additional
EcoRV cleavage site within sopB of serovars Derby, Ohio,
Ratchaburi, and Zanzibar. Primers pipC/F and pipB/R were
used to amplify chromosomal DNA of these serovars. The
PCR yielded a 1.5-kb product in both serovar Derby and se-
rovar Ohio, whereas serovar Dublin and the other serovars
examined yielded only a 1-kb product. The DNA sequences of
the 1.5-kb PCR products were determined, and it was found
that serovar Derby and serovar Ohio had pipC and pipB nu-
cleotide sequences similar to those of serovar Dublin, but an
extra 431 bp was inserted within the intergenic region between
pipC and pipD (Fig. 4). The 431-bp insertions in serovars
Derby and Ohio were similar to each other and might encode
a small ORF. Searches of the databases showed that this ORF
had 24% amino acid identity and 42% amino acid similarity to
the PagK or PagJ protein of serovar Typhimurium (Fig. 4).

Phylogenetic relationships between serovars. The phyloge-
netic inference using SPI restriction sites suggested that sero-
var Derby and serovar Ohio had a close genetic relationship to
each other, and similarly, serovar Dublin and serovar Enteri-
tidis were closely related (Fig. 5). The statistical analysis of the
tree topology supported these inferences, as did the distribu-
tion of some of the insertions and deletions in the SPIs. Some
serovars were grouped as closely related, but the distribution
of the deletions and insertions in the SPIs did not concur with
the inferred relationships. For example, serovars Choleraesuis,
Hessarek, and Typhimurium strains LT2, SL1344, C5, and PT9
had a close relationship in the phylogenetic tree, but only
serovar Choleraesuis had a deletion in SPI-1 and only serovar

Hessarek had an insertion within SPI-3. However, the tree
topology in these regions was not strongly supported by statis-
tical analysis, implying that further data may be needed to
confirm the recency of these events.

DISCUSSION

The serovars chosen for this study included the host-specific
serovars Choleraesuis (pigs) and Dublin (cattle), which, in

FIG. 4. (A) The 431-bp insertion in serovars Derby and Ohio, be-
tween pipC and pipB of SPI-5. (B) Predicted amino acid sequence of
this insertion compared to PagJ and PagK, showing 24% identity and
42% similarity. Asterisks and dots indicate identical and similar amino
acid residues, respectively.
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nonendemic herds, cause invasive disease, with localization in
the meninges, lungs, joints, and reproductive tract (21, 37).
Both these serovars also cause invasive disease in other spe-
cies, including humans. Serovar Virchow and serovar Enterit-
idis can cause invasive disease in humans but are not common
causes of disease in chickens, the food source implicated in
many human cases. Serovars Typhimurium and Heidelberg,
and to a lesser extent serovars Derby and Infantis, are common
causes of enteric salmonellosis in humans and other animals.
Serovars Ohio, Hessarek, Zanzibar, Bovismorbificans, and
Ratchaburi are relatively rare causes of disease and are prin-
cipally associated with enteritis (13). With the exception of
serovar Typhimurium, the variation observed in the SPIs was

conserved within a serovar. Most of the isolates used in this
study were independent isolates obtained from sick animals,
humans, or the environment of outbreaks. For example, one
isolate of serovar Virchow was of human origin, isolated in
Queensland, Australia, and another isolate originated from
poultry in Victoria, Australia. The serovar Enteritidis strains
were isolated from two different countries but had identical
RFLP patterns in the SPI regions.

Although the bootstrap values obtained for some of the
branches on the tree inferred from the restriction site data
were relatively low, the phylogenetic relationships between
seven of the serovars used in our study (serovars Enteritidis,
Dublin, Infantis, Heidelberg, Typhimurium, Choleraesuis, and
Derby) have been studied previously using multilocus enzyme
electrophoresis (2, 5, 30), and for these serovars, our phyloge-
netic analysis based on the restriction endonuclease maps in
the five pathogenicity islands yielded a tree with a topology
very similar to those obtained previously using multilocus en-
zyme electrophoresis. The other six serovars in our study have
not been included in multilocus enzyme electrophoresis stud-
ies, so the inference of phylogenetic relationships is dependent
on the restriction endonuclease cleavage data. The benefit of
using restriction map data across all five islands, rather than
restricted sequence data on one or a few genes, is that these
data are less likely to be influenced by horizontal transfer of
individual segments within the islands, a process that has been
suggested by recent work (6). Indeed, such horizontal transfer
between serovars might be expected to result in low bootstrap
values, no matter what data were used, since the consensus tree
would represent a compromise between multiple regions
within the same genome with differing evolutionary histories.

Major genetic variation was detected in SPI-1, SPI-3, and
SPI-5 for some serovars examined. SPI-2 and SPI-4 were found
to be relatively conserved, with only minor variation in the
presence or absence of restriction endonuclease sites. The only
significant variation within SPI-1 was found in the avrA gene.
The detection of the deletion of avrA within serovars Choler-
aesuis, Ohio, and Ratchaburi confirmed and extended the pre-
vious studies (15) that found the deletion of this gene in sero-
vars Typhi, Choleraesuis, Ohio, Montevideo, Othmarschen,
Nienstaedten, and Arizona and examined the sequence of this
region in serovar Typhi and serovar Choleraesuis. While AvrA
is secreted by the SPI-1 type III secretion system (15), its
expression is not regulated by HilA or InvF (8). Although it is
similar to YopJ of Yersinia pseudotuberculosis, expression of
AvrA in either serovar Dublin or Y. pseudotuberculosis showed
that it does not exert a YopJ-like activity on cytokine expres-
sion or in killing macrophages (29).

While avrA is deleted in the host-adapted serovars Typhi
and Choleraesuis, it is present in serovar Dublin, another host-
specific serovar, and it is present in serovars from a range of
hosts and with a range of pathogenicities. There is no clear
phylogenetic relationship between the serovars containing a
deletion in avrA (Fig. 5), suggesting that an essentially identical
deletion may have occurred several times during the evolution
of different Salmonella serovars. This, and the similarity of the
sequences that have replaced the deleted region in the differ-
ent serovars, suggests that the deletion has been generated by
insertion and imperfect excision of a site-specific, transmissible
genetic element, such as a phage or insertion element, or

FIG. 5. The phylogenetic tree for the pathogenicity islands of 13
Salmonella serovars inferred using restriction site data and Restml of
PHYLIP 3.6. Major genetic events identified in the pathogenicity is-
lands (insertions and deletions compared to serovar Typhimurium) are
indicated as follows: (I), deletion of avrA and replacement with a
0.2-kb sequence; (IIIa), deletion within sugR; (IIIb), deletion of sugR
and rhuM and replacement with a 0.7-kb sequence; (IIIc), deletion of
sugR and rhuM and replacement with a 3-kb sequence; (IIId), deletion
of sugR and rhuM and replacement with a 10-kb sequence; and (V),
insertion of a 0.5-kb sequence within SPI-5. The number next to each
branch indicates the confidence that can be placed on that branch as
determined by bootstrap resampling of the restriction site data 100
times, inferring the best tree for each set of resampled data and then
inferring a consensus tree using Consensus (PHYLIP 3.6). Each num-
ber indicates the percentage of the trees inferred from the resampled
data that contained that branch.
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alternatively by horizontal transfer of a discrete region of the
SPI. The characterization of the full significance and genesis of
this deletion will depend on the determination of a function for
AvrA and on detection of the sequence that has been substi-
tuted for avrA in some other location.

The general conservation within the remainder of the SPI-1
region confirmed the proposition (26) that the genes within
SPI-1 were an early acquisition. It has been suggested (22) that
SPI-1 was acquired before the divergence of S. bongori and S.
enterica, whereas SPI-2 was acquired by S. enterica after its split
from S. bongori. Our studies found that all the genes within
SPI-2 were conserved and that the structure of SPI-4 was also
conserved in all the serovars examined, with the only variation
identified being loss or gain of restriction sites, presumably as
a result of single base changes.

An insertion encoding 58 amino acids with similarity to PagJ
and PagK between PipC and PipB in SPI-5 was found in
serovars Derby and Ohio (Fig. 4). The genes pagJ and pagK are
PhoP-activated genes and are nearly identical to each other
(14). The PhoPQ regulatory system is necessary for activation
of invasion genes in response to environmental signals. The
distribution of pagJ and pagK is limited; Southern blot analysis
identified hybridizing sequences only in serovar Typhimurium
and serovar Enteritidis and not in serovar Typhi or serovar
Paratyphi or a range of other Enterobacteriaceae (14). How-
ever, there has not been any investigation of the distribution of
these genes in other serovars. The amino acid sequences within
and around pagJ and pagK are similar to those of proteins
associated with mobile or extrachromosomal elements, includ-
ing transposases, phage proteins, and proteins encoded on
plasmids (10, 14, 28, 35). Deletion of either pagK or pagJ does
not attenuate virulence in mice, but this may be because they
have similar or identical functions. Thus far, no single mutation
of a PhoP-activated gene has resulted in significant changes in
the phenotype (14). It is possible that the insertion in SPI-5 is
a remnant of pagJ and pagK from a previous recombination
event or that it is a functional homologue of these genes. The
phylogenetic analysis suggested that the event that led to the
insertion in SPI-5 was likely to have been a single event, since
the serovars carrying this insertion were clustered on the tree,
and the topology of the tree in this area was strongly supported
by the statistical analysis (Fig. 5).

The position of the genetic variation seen in SPI-3 in our
work was similar to that seen for different subspecies (3), using
specific regions of each gene as hybridization probes. However,
the serovars examined in our studies were all pathogenic se-
rovars within subspecies I. The high prevalence of genetic
variation within SPI-3 in subspecies I and the similarity of
some of the inserted sequences to other virulence-associated
genes provides more information on Salmonella diversity, since
information to date is derived mainly from studies of serovars
Typhimurium and Typhi.

Most genetic variation in SPI-3 occurred at the left-hand end
next to selC in the region containing genes sugR and rhuM. This
region is the integration site for many pathogenicity islands of
enteric bacteria, including E. coli and Shigella, and also the
retron phage of E. coli. In serovar Ohio there was a deletion of
0.5 kb in sugR. The roles of SugR and RhuM have not yet been
reported, but their position suggests that they may have been
acquired independently of the remainder of SPI-3 and, even

though the intergenic region between them is 580 bp, they are
likely to form an operon because a lacZ fusion to this inter-
genic region resulted in some 
-galactosidase activity (3). The
link between these two genes is further supported by the de-
letion of both of them in many serovars.

The similarity of the variation at the left end of SPI-3 in
serovars Bovismorbificans, Infantis, Virchow, and Zanzibar
suggests a close relationship between these serovars, and this
was supported by phylogenetic analysis (Fig. 5).

The insertion that replaced sugR and rhuM in serovar
Ratchaburi and that lay immediately adjacent to selC had a
high similarity to retron phage �R73, which is located in a
similar position on the chromosome of E. coli K-12. The P4-
like �R73 prophage is 12.6 kb and is flanked by 29-bp direct
repeats and integrated 3� to selC (33). Even though part of the
prophage is similar to bacteriophage P4, it has a unique region
at the right end that differs from P4. The retron-Ec73 region
encodes the gene for RT and the genes msr, msd, and orf316.
The low similarity of RT-Ec73 to other bacterial RT genes, for
example, 27% identity to RT-Ec67 of E. coli (more than 47
amino acid residues), 25% identity to RT-Ec86 of E. coli (more
than 43 amino acid residues), and 26% identity to RT-Mx65 of
Myxococcus xanthus (more than 174 amino acid residues), in-
dicates that it is equally distant from the other bacterial RTs
(33). The high level of DNA sequence similarity between RT-
Ec73 and the insertion in serovar Ratchaburi implies a much
closer relationship than that between RT-Ec73 and other bac-
terial RTs. However, the insertion in serovar Ratchaburi con-
tains a significant deletion compared to the full-length phage,
with more than 80% of the genome missing and the integrase
gene disrupted. This suggests that the phage genome in serovar
Ratchaburi is no longer fully competent, although at least two
ORFs from the phage, including the RT gene, appear to be
translationally competent. The presence of retron phage se-
quences within an SPI suggests that such phages may also have
played a role in the evolution of SPIs. It is well established that
retroviruses of eukaryotes can acquire host sequences. It may
be that retron phages similarly acquire and transfer sequences
from one host to another.

The 10-kb insertions adjacent to selC in serovars Derby and
Hessarek were similar to each other but not to any SPI-3 genes.
The majority of the insertion appeared to be composed of an
operon for synthesis of fimbriae, although, surprisingly, this
operon was most similar to an E. coli fimbrial operon. The
inserted operon was bracketed by the remnants of two distinct
transposases, suggesting the involvement of at least two differ-
ent insertion elements in the evolution of this sequence. It is
notable that both of the major insertions observed in SPI-3
were likely to have been derived from E. coli, implying that the
evolution of pathogenicity islands is an ongoing process in
pathogenic salmonellae and that the sources of the elements
are likely to be other enteric bacteria. A surprising finding was
that although serovars Hessarek and Derby do not appear to
be closely related phylogenetically (Fig. 5), they shared the
same insertion, suggesting that this element has inserted inde-
pendently into different serovars or that horizontal transfer of
this region has occurred.

The possibility that a single event led to the deletion of sugR
and rhuM in serovars Bovismorbificans, Infantis, Virchow, and
Zanzibar is refuted by the observation that exactly the same
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apparent deletion was observed in serovar Ratchaburi, al-
though in this case the deletion was replaced by an inserted
sequence derived from a retron phage. Furthermore, a very
similar deletion appears to have occurred during the insertion
of the fimbrial operon into serovar Hessarek and serovar
Derby. For serovar Typhi, sugR and rhuM have also been
substantially deleted, with pseudogene remnants, pseudogenes
of transposase genes, and two short ORFS with no significant
similarity to other sequences in the databases. These findings
suggest that there is a region within SPI-3, immediately adja-
cent to selC and 5� to rmbA, that is particularly prone to
deletion and/or insertion of transposable elements from a va-
riety of sources and that the acquisition of the sugR/rhuM
region in serovar Typhimurium is likely to have been a rela-
tively recent event. It seems most probable that the ancestral
SPI-3 sequence in this region was most similar to the sequence
for serovars Bovismorbificans, Infantis, and Zanzibar, with
multiple insertions, deletions, and short sequence duplications
giving rise to the variations seen with the other serovars. It is
clear that the region immediately following selC has been the
target of a variety of insertion sequences, including at least two
distinct transposable elements, similar to IS3 of E. herbicola
and IS630 of S. sonnei, and a retron phage most similar to
�R73 of E. coli. A fourth element is likely to have introduced
the sugR/rhuM region into some serovars.

The high level of variability of DNA sequences adjacent to
selC and the similarity of selC-related DNA sequences of other
enteric bacteria to those in the serovars investigated here imply
the occurrence of genetic transfer of sequences in this region
between enteric bacteria and imply that in contrast to the other
SPIs, SPI-3 may be still evolving through major sequence ac-
quisitions.

Although the Salmonella serovars used in these studies
cause a range of syndromes in both humans and animals, the
major genetic variations identified were not significantly cor-
related with prominent differences in clinical features, host
range, or levels of virulence. It may be that the variant genes
are not important in pathogenesis or that there are other
Salmonella genes that have the same action. Alternatively, the
effect of these deletions and insertions may be reflected in less
obvious benefits, for instance, in maintenance hosts that rarely
suffer from disease or in survival in the environment. Under-
standing such issues will require a broader focus on the mo-
lecular biology of the ecology of these organisms.

This study has shown that even in relatively recent evolu-
tionary history there have been a number of major genetic
events shaping SPI-3, all of which appear to be focused on one
specific region. Further studies of this region with a range of
other serovars, using the techniques developed in this work,
may reveal the range of transmissible elements that can con-
tribute to the ongoing evolution of pathogenicity islands and
thus provide a better understanding of the history of the more
stable islands in both Salmonella and other enteric bacteria.

Supplemental information. Additional information on this
study, including oligonucleotide primers used, PCR conditions,
maps of restriction endonuclease sites in different serovars,
and aligned sequences, can be obtained from our website at
ftp://jb:jb@ftp.vet.unimelb.edu.au/.
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