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Using a genomic approach, we have identified a new Salmonella pathogenicity island, SPI-4, which is the
fourth Salmonella pathogenicity island to be identified. SPI-4 was located at 92 min on the chromosome map
and was flanked by the ssb and soxSR loci. The DNA sequence covering the entire SPI-4 and both boundaries
was determined. The size of SPI-4 was about 25 kb and it contains 18 putative open reading frames (ORFs).
Three of these ORF's encode proteins that have significant homology with proteins involved in toxin secretion.
Another five ORFs encode proteins that have significant homology with hypothetical proteins from Synecho-
cystis sp. strain PCC6803 or Acinetobacter calcoaceticus. The rest of the ORFs encode novel proteins, one of
which has five membrane-spanning domains. SPI-4 is likely to carry a type I secretion system involved in toxin
secretion. Furthermore, a previously identified locus (ims98), which is required for intramacrophage survival,
was also mapped within the SPI-4 region. These findings suggested that SPI-4 is needed for intramacrophage

survival.

The genetic maps of Salmonella enterica and Escherichia coli
K-12 are highly conserved (3, 42). However, several large dif-
ferences in the lengths of gene intervals between the two ge-
nomes have been observed (26). Each of these large excess
DNA fragments in either bacterium is called a loop (38). The
estimated sizes of these loops are from 20 to 70 kb (26). These
loops represent a collection of major genomic changes accu-
mulated during the diversification of these two genera from a
common ancestor since about 100 million years ago (20, 26, 35,
38). It is estimated that 16 loops are present in S. enterica and
15 are present in E. coli (37).

A large number of genes responsible for the specific bio-
chemical characters of Salmonella spp. are mapped to these
loop regions. These genes include the tct genes (57 min) for
transporting citrate into the cell (47), the phoN gene (96 min)
for a nonspecific acid phosphatase (20), the #riMR gene (1 min)
for utilization of carballylic acid (47), inlA (92 min) and inlB
(55 min) for utilization of inositol (38), and flj4 and fIjB (56 to
57 min) for flagellar antigens and phase variation (38, 42).
Furthermore, two of the three identified Salmonella patho-
genic islands, SPI-1 (63 min) and SPI-3 (82 min), which rep-
resent segments of the chromosome with clusters of virulence
genes, are also located at these loop regions (6, 31). Appar-
ently, major physiological and biochemical differences between
E. coli and Salmonella spp. are contributed to by these mac-
roscopic genomic differences, i.e., loops. In this study, we have
identified and sequenced a 27-kb chromosomal region cover-
ing a Salmonella loop region located at 92 min in the Salmo-
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nella enterica chromosome map. Sequence analysis indicated
that the cluster of genes located at 92 min may represent a
fourth Salmonella pathogenicity island, SPI-4, which is re-
quired for survival within murine macrophage. This also rep-
resents the first completely sequenced Salmonella pathogenic-
ity island.

MATERIALS AND METHODS

Bacterial strains and lambda DASHII clones. S. enterica RKS4699 (Dublin),
R613 (Minnesota), RKS53 (Enteritidis), RKS4994 (Gallinarum), RKS4993
(Paratyphi A), SA3302 (Paratyphi B), RKS4587 (Paratyphi C), RKS5078 (Pul-
lorum), ty2la (Typhi), and SARA2 (Typhimurium) were obtained from the
Salmonella Genetic Stock Center. These strains are 10 of the most common
electrophoretic types (ETs) of S. enterica serovars. Clinical isolates of Citrobacter
freundii, Klebsiella aerogenes, Enterobacter cloacae, Pseudomonas aeroginosa, Ser-
ratia marcescens, and Proteus mirabilis were obtained from Alan Greener. Rhi-
zobium meliloti and Escherichia coli K-12 were from our laboratory collection.
Lambda DASHII clones were prepared as described previously (50).

Preparation of DNA from lambda DASHII clones. Liquid lysates were used for
the preparation of DNA. A total of 107 log-phase E. coli SRB(P2) bacteria were
infected with lambda phage at a multiplicity of infection of 0.01 in 500 pl of
adsorption buffer (10 mM CaCl,, 10 mM MgSO,). Phage adsorption was done at
37°C for 15 min, and then 10 ml of Luria broth containing 10 mM MgSO,—
glucose was added. The lysate was grown overnight at 37°C with shaking. Cell
debris was removed from the lysate by centrifugation at 3,000 X g. Lambda phage
particles were then pelleted by ultracentrifugation with an SW40 rotor at 30,000
rpm for 30 min. Phage pellets were resuspended in 1X universal buffer and
digested with DNase and RNase to remove contaminated chromosomal DNA.
Lambda phage DNA was then obtained by phenol-chloroform extraction and
ethanol precipitation.

PCR, molecular cloning, and nucleotide sequencing. A long PCR subcloning
strategy was developed to sequence the entire SPI-4. The 17- and 14-kb DNA
inserts from lambda DASHII clones 12A5 and 980, respectively, were PCR
amplified with the TagPlus PCR system (Stratagene, La Jolla, Calif.) as described
previously (49). About 20 pg of purified PCR products was obtained from each
lambda clone and was sonicated with an Ultrasonic-60 sonicator (Fisher Scien-
tific, Pittsburgh, Pa.) for 10 s with the power setting at 3. Sonicated fragments
were blunt ended by digestion with mung bean nuclease (Boehringer Mannheim,
Indianapolis, Ind.). Blunt-ended fragments were fractionated in low-melting-
point agarose to obtain 1- to 2-kb fragments, which were then cloned into
pCR-blunt (Invitrogen, Carlsbad, Calif.). ABI PRISM dye terminator cycle se-
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FIG. 1. Identification of Salmonella-specific DNA fragment in 91- to 96-min
region. (Top) Ethidium bromide staining of EcoRI-digested fragments resolved
in a 0.7% agarose gel from 19 overlapping lambda DASHII clones covering the
91- to 96-min region. (Bottom) A Southern blot was generated from the gel
shown in panel A and hybridized at low stringency with radiolabelled probe made
from E. coli total genomic DNA. Arrows indicate Salmonella-specific DNA
fragments that did not hybridize with E. coli total genomic DNA. Molecular sizes
are shown on the right in kilobases.

quencing ready reaction kits with AmpliZ7aq FS were used. Sequencing reactions
were analyzed with an ABI 377 sequencer (Perkin-Elmer, Foster City, Calif.).

Gel electrophoresis, probe preparation, and hybridization. EcoRI restriction
digests of DNA, extracted from 19 lambda DASHII clones mapped at 91 to 96
min (50), were resolved in a 0.8% agarose gel. The size of the gel was 20 by 24
cm with a thickness of 0.5 cm. After electrophoresis, fragments were transferred
to a Duralon membrane (Stratagene) by a capillary method and were UV
cross-linked. An [a->?P]dCTP-labeled probe was generated from total genomic
DNA extracted from E. coli K-12 with a random priming labeling kit (Strat-
agene). Hybridization was performed at 55°C in 5X SSC-0.5% blocking reagent
(Boehringer Mannheim)-0.1% N-lauroylsarcosine-0.02% sodium dodecyl sul-
fate solution overnight (1X SSC is 0.15 M NaCl plus 0.015 M sodium citrate).
Hybridization signals were detected by exposure to Kodak XAR-5 film.

Sequence analysis. Sequences were assembled into contigs by using Assem-
blyLign (Oxford Molecular Group, Campbell, Calif.). The coding potential of the
SPI-4 sequence was predicted with GeneMark software (9) by using ecoli, eco-
phage, ecohiexp, and Salm matrices via an E-mail server or a web server (17a) at
the Georgia Institute of Technology. Comparison with GenBank data was per-
formed with blastn, blastx, and tblastx analyses through the Internet with the
MacVector software package (Oxford Molecular Group) or by using the nucleic
acid sequence launcher (51) at the website provided by the Human Genome
Center at Baylor College of Medicine (24a). Potential tRNA gene prediction was
done by using DNASIS (Hitachi Software, San Bruno, Calif.). Final analysis of
amino acid homologies utilized gapped BLAST with the BLASTP2.0 algorithm
(2) accessible at the National Center for Biotechnology Information website
(32a). In general, homologies were considered significant if P < 0.01 and if the
similarity extended over one-third of the sequence. Amino acid sequences of all
putative proteins were also searched against the BLOCK database at the
BLOCK WWW server (22a).

Nucleotide sequence accession number. The nucleotide sequence reported in
this study was assigned GenBank accession no. AF060869.
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RESULTS

Identification of SPI-4 at 91 to 96 min. DNAs extracted from
19 lambda clones spanning 91 to 96 min on the map of the S.
enterica chromosome (50) were digested with EcoRI and re-
solved by agarose gel electrophoresis. Figure 1 shows an
ethidium-stained gel (top) and the corresponding Southern
blot (bottom) probed with total genomic DNA from E. coli
K-12. Several EcoRI fragments, derived from the lambda
clones 4F12, 5A2, 12AS5, 16AS, and 275, did not hybridize with
E. coli K-12 DNA (Fig. 1). Thus, these EcoRI fragments rep-
resent S. enterica-specific DNA. Lambda clones 4F12, 5A2, and
12A5 were located at 92 min, while lambda clones 16A5 and
275 were located at 94 min. These map locations represent two
previously defined loops (38). All the EcoRI fragments from
these lambda clones were subcloned and partially sequenced at
both ends. Partial sequences obtained from the 92-min lambda
clones did not match any entries in the GenBank database, but
partial sequences obtained from the 94-min lambda clones
matched a previously sequenced Salmonella-specific phospha-
tase gene, phoN (20), and the insertion element 1S200 (5) (data
not shown). Moreover, by comparing the physical distances
encompassed by the homologous genes of S. enterica (50) and
E. coli K-12 (7) around the 91- to 96-min regions of the re-
spective chromosomes, we were able to estimate the size of the
loop at 92 min to be about 25 kb and the size of the loop at 94
min to be 8 kb. The discovery of novel sequence at the 92-min
region from this initial effort prompted us to determine the
complete sequence of this entire region, which is named SPI-4
(Salmonella pathogenicity island 4) in this study.

SPI-4 is conserved among the 10 most common serovars of
S. enterica. A Southern blot was generated from 10 of the most
common serovars of S. enterica and 8 other bacteria as listed in
Materials and Methods. A probe was prepared from a 5-kb
EcoRI fragment isolated from the lambda clone 12A5 and was
hybridized against this collection of bacteria. All the Salmo-
nella strains hybridized strongly with the probe (Fig. 2) but
none of the other bacteria tested gave any signal (data not
shown). Moreover, a restriction length polymorphism was de-
tected among these 10 Salmonella strains (Fig. 2). Similar re-
sults were also obtained with a probe generated from a 5-kb
EcoRI fragment isolated from lambda clone 4F12. The loca-
tions of these probes within the SPI-4 are indicated in Fig. 5.

FIG. 2. SPI-4 is present in different ETs of S. enterica serovars. A Southern
blot was generated from 10 of the most common ET S. enterica serovars and
hybridized with a DNA probe generated from SPI-4 (Fig. 5). Lanes: 1, Dublin;
2, Enteritidis; 3, Gallinarum; 4, Minnesota; 5, Paratyphi A; 6, Paratyphi B; 7,
Paratyphi C; 8, Pullorum; 9, Typhi, 10, Typhimurium.
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ssbh_EC GCGCGCAGTCTCGCCCGCAGCAGTCCGCGGCAGCGCCGTCTAACGAGCCG> 5607
CLLVLLELE L U L DV LR LT G
ssb_ST GCGCGCAGTCGCGTCCACAGCAATCCGCGCCAGCGCCGTCTAAGGAACCG 1050
G A Q S R P Q Q S A P A P S K E P>
ssb_EC CCGATGGACTTTGATGATGACATTCCGTTCTGATTTGTCAT~-TAAAAC-A> 5655
SN NN SN m AN e Ay
ssb_ST CCAATGGATTTTGACGACGACATTCCGTTCTGATTTTTGGTAAAAAACTC 1100
P M DF D DUDTI P F>
ssb_EC ATAGVGTTATATTGTTTTAATGTGGAvTGAT—TAAAGC——ATCﬁﬁﬁﬁAGC> 5699
P AL ] | 11 1 1]
ssb_ST AAAGCGTTATTTGCATTTTCGCTATAGTTCTCGTCTGCTGAAATGCCTGG 1150
ssb_EC CATAAA-AAAGAAGCCTCCGTTATGG-AGGCTT--CTACGTA> 5738
[ b1l [ A B A R
SPI-4 TGTAAACCAGGCATTTTCTTACCTGGTATTATTGTCTTTGTATCCCTTTC 1200
SPI-4 AAAAAAGAGAAGCGCATATCTTACGGAAAAATGTCGCTTATCGCCTCTGG 1250
SPI-4 CCGACTCGCCTCGGCACATCATTATCCAGCCGAAGTTCATARATGTACTG 1300
SPI-4 CAATAACCCGGATTGTCTTAAATATGAAAGAGAAATCTCATCTGCAAAAT 1350
SPI-4 ATATAATTTATAGCCATTTTTTGACAACAAAAAGATATTATAARATAACG 1400
SPI-4 GTAGAGAATGGTCGGTATTATCAATGGTTAATTAAATGTTTGCTTTAGCT 14590
SPI-4 TGTGATGAGCTCAAATATGATATGTGTATCTTGCTTTATTTTTAATTGCT 1500
SPI-4 GAAGATAAAATTGTTACTTATAGCTGGCTTTATATAAAAAATGGTTTTAT 1550
SPI-4 TTGTGTATTTTTTTACACAATTCTGATTTTTTACTCCCCACTTATTATAT 1600
SPI-4 TTTCAATGATTTAAGTTATATTGAAGTCCATATGACCCTATGTTTTAATT 1650
SPI-4 GTGAAAATTAATTTTATCCTCTGGAGGCAAATTTATTAAATACGTATGGT 1700
SPI-4 TATAACGCGTATTAAAAAGAAATATGTCCTTAAAATGATTTAGAGTTTCA 1750
SPI-4 ATGATTAGCTAACAAATCTATTTATCGGCGGGTGGTTTTAATTTGCTGAT 1800
SPI-4 GACTATTTTTTATTTATGAGTTGAGAGCTTATGCGATACCTATTATTGGG 1850
SPI-4 GAGGATATAGTTAGTGCAATAATTGATGTCTACCTAATTAAAAAAA' 1900
SPI-4 GAGTGTTTTTAATTAAAGCACTCATCTTTGT 'GCAT TCG 1950
SPI-4 CGTCGTTGTTTTTATTTTTC#GATTACGAGATGTAAGAAAACTGAAATCT 2000

SEQUENCE ANALYSIS OF SPI-4 3367
SPI-4 AAATTATTAATGTAAAATAAGCAGCGCTTGTCGCTGTTATCAGGTGG 25553
protein(R) K L L M
SPI-4 TACTGCTTAATAARAAAGACCCGTTGCACAAACGGGTCTTTTTTGTCATT 25603
SPI-4 TAACGGAGTCGGCAACGTCTTCAATAAGTTTAGCTCGATTCTGTTAGGGC 25653
SPI-4 TATTCCACTTGCCATTTTTGGATAACCACACCTGGCGGCCTTCATCAACG 25703
SPI-4 GCAATGCGAGGGACCTGATGGTGCGCAAGGCTAACCCCTGGCGCGCGATT 25753
yJjch_Ecoli TA??CATA~A?A??GAAGCACTCCGTTATGGA?GCTTCT——AC—GTATCA> 5740
| L O O 1 A AN
yjcb_sty CCGCGTTGAGATAACCGGTGGGCGGCTTCAGCGGCAGCGATAGCGTATCA 25803
yjcb_Ecoli GGTCAAAATCATTGGCCATTGTGGCGGTGTCTGATTCATCTCTTCTATCA> 5791
UL LD L BV L ] ]
yich_Sty GGTCAGCACCATCGGCCATTCTGGCGGGGTCTGECTCATCGTTTCGACCA 25853
< L, V.M P W E P P T Q 8 M T E V M
yjcb_Ecoli TCACCGACTCGATGTTGTGCCATATA?CGGTGATG??%GC???T??GATG> 5841
LU A T ]
yich_Sty TTACGGCTTCAATGTTATGCCAGATCGCAGCGAGATCCATCATGGTAATA 25903
<V A E I NH W I A A LDMMMTI
yjch_Ecoli CCARGCAACCCCATTGCGAACCAACAGGCGGAAACAACGCCCAGACCGCT> 5891
LT L L T LT
yjich_Sty CCGAGTAAACCGGTGGCAAACCAGCAGGCGGATACCACGCCCAGACCGCT 25953
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FIG. 3. Nucleotide sequence alignments at the boundaries of SPI-4. The DNA sequences of the ssb boundary (A) and the yjcb_Ecoli boundary (B) of SPI-4 (ST)
are aligned with the corresponding sequences of the E. coli chromosomal region (EC). Alignments were performed with the MacVector program. The numbering of
the nucleotides of SPI-4 corresponds to the 27,290-bp DNA sequence determined in this study. A DNA sequence that forms a tRNA-like structure is boxed and shown
in boldface letters in panel A. The hairpin structure is indicated by a pair of inverted arrows in panel B. The numbering of the E. coli sequences is from the published
sequence (accession no. ECAE000479). Single-letter symbols are used for the amino acid sequences of Ssb and Yjcb_Ecoli and protein R shown beneath the nucleotide

sequences. yjcb_Sty, a hypothetical 13-kDa protein.

Sequencing of SPI-4. Fourteen more lambda clones that
hybridized with clones 4A5 and 12AS5 (which contain part of
SPI-4) were identified from our genomic library, which consists
of about 2,000 mapped lambda clones (50). After preliminary
sequencing of the ends of the DNA inserts from these lambda
clones, two lambda clones that have minimal overlap but which
cover the entire SPI-4 region were chosen for complete se-
quencing. DNA inserts from these two lambda clones were
PCR amplified, and the PCR fragments were sonicated to
obtain 1- to 2-kb fragments for subcloning into pCR-blunt for
sequencing. A total of 90 kb of overlapping sequences was
derived from 39 plasmids (subcloned from lambda clone 980),
41 plasmids (subcloned from lambda clone 12A5), and the
region adjacent to the vector in 16 lambda clones. This 90-kb
total sequence was assembled into five contigs. Three of the
sequencing gaps proved to be less than 500 bp and were se-
quenced by primer walking. One of the gaps was 3.3 kb and was
PCR amplified from the chromosome and sequenced by a
novel partial digestion method to generate nested deletion
clones (48). Finally, a single contig of 27,290 bp, which covers
the entire SPI-4 and the adjacent regions, was obtained.

Analysis of the boundaries of the SPI-4. The boundaries of
the SPI-4 were identified by aligning the sequence obtained
with that of the corresponding regions from the whole E. coli
genomic sequence (7). It was found that SPI-4 was located
between ssb and yjcb_Ecoli, and the alignment of these bound-
aries is shown in Fig. 3. The DNA base composition changes
dramatically at both boundaries. At the ssb boundary, the av-
erage G+C content changes from 52 to 37%. The homology
between E. coli and S. enterica ends directly after the stop
codon of the ssb coding sequence, which is followed by a
1,119-bp noncoding region (G+C content, ~30%) before the
first codon of the putative open reading frame (ORF) _A. This

noncoding region contains a segment of DNA (highlighted in
Fig. 3A) which carries a putative tRNA gene sequence as
predicted by DNASIS software. The predicted tRNA structure
is shown in Fig. 4. At the yjcb_Ecoli boundary, the average
G+C content changed from 52 to 44%. A strong terminator
structure is present after the last putative ORF_R (Fig. 3B).
Further analysis of both boundaries did not reveal sequence
repeats of significant length, IS elements, or phage attachment
sites.
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FIG. 4. tRNA structure at the ssb junction. The tRNA structure was pre-
dicted by using the DNASIS program. Regular hydrogen bonding for A-U and
G-C is represented by a dash and weaker hydrogen bonding for G-U is repre-
sented by a plus sign.
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FIG. 5. Organization and structure of SPI-4. (A) G+C percentages with a
window of 100 bp across the entire 27,290-bp sequence. (B) Alignment of SPI-4
with the corresponding regions in E. coli. Coding potential was predicted by the
GeneMark program. The 18 putative ORFs are represented by open arrowheads
and are assigned a letter from A to R. Shaded arrowheads represent genes
present in both species. The region of putative duplication (tandem arrows) and
the location of a previous TnI0 insertion affecting intramacrophage survival are
indicated.

Coding potential and homology search of SPI-4 against se-
quences in database. The coding potential of SPI-4 was ana-
lyzed with GeneMark software. A total of 18 ORFs were pre-
dicted. All these ORFs were transcribed in the same orientation
(Fig. 5). Initial similarity searches were performed with the
blastn and blastx algorithms via the Internet with the MacVec-
tor software package. The final identity and similarity percent-
ages of these 18 putative proteins (A to R) to similar protein
sequences were calculated by gapped BLAST using the
blastp2.0 algorithm accessible at the NCBI website (32a) or the
BCM website (24a). Furthermore, the amino acid sequences of
these 18 putative proteins were searched against the BLOCK
10.0 database at the BLOCK WWW server (22a). The results
of these analyses are summarized in Table 1. Protein C has
significant homology with members of the ABC transporter
outer membrane protein family such as CyaE, protein D has
significant homology with members of the HlyD secretion pro-
tein family such as LipC, and protein R has significant homol-
ogy with members of the ABC transporter protein family with
ATP or GTP binding site motif A such as the LktB toxin
secretion proteins (Fig. 6). CyaE is an outer membrane protein
involved in the secretion of a cadcalmodulin-sensitive adenyl-
ate cyclase toxin, CyaA (related to the RTX family of pore-
forming toxins), from Bordetella pertussis (21, 30). LipC is a
membrane fusion protein responsible for the secretion of a
lipase, LipA, in Serratia marcescens 8000 (1). The amino acid
sequence of LipC shows a large degree of sequence similarity
with HlyD, which is involved in the secretion of hemolysin in
pathogenic E. coli (30). LktB is an ATP-binding protein in-
volved in the secretion of leukotoxin from Pasteurella haemo-
lytica (44). Proteins F, G, I, K, and O have significant homol-
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ogies with part of a 308.8-kDa hypothetical protein from
Synechocystis sp. strain PCC6803 (D63999) and part of a 93.4-
kDa hypothetical protein from Acinetobacter calcoaceticus (ac-
cession no. AF011339) (Table 1). The rest of the putative
proteins are novel proteins. Prediction of the transmembrane
regions by Tmpred software at the ISREC website (24b) indi-
cated that proteins A, C, D, E, G, O, and R have one or more
transmembrane regions (Table 1). Moreover, a 223-bp se-
quence derived from a Tn0 insertion at a previously identified
locus (ims98), which is needed for intramacrophage survival
(4), is within SPI-4. The location of the Tn/0 insertion at the
ims96 locus is indicated in Fig. 5.

DISCUSSION

Pathogenicity islands, which is a term used to describe a
large cluster of virulence genes in the bacterial chromosome
(19, 27), have been identified in many different bacterial patho-
gens such as uropathogenic E. coli, enteropathogenic E. coli,
Helicobacter pylori, Yersinia enterocolitica, Shigella flexneri, and
Salmonella species (6, 8, 11, 12, 16, 34, 36). However, only one
or two pathogenicity islands have been identified so far in any
one of these bacteria. Even from the completed genomic se-
quence of H. pylori, only one pathogenicity island has been
identified (17). The identification of a fourth SPI in this study
further substantiates Salmonella’s elaborate systems for inter-
acting with its infected host. This is probably the result of a
long-term interaction with infected hosts since the divergence
of Salmonella from E. coli 100 million years ago (35). It has
been suggested that the evolution of Salmonella’s pathogenic-
ity is through the acquiring of several pathogenicity islands by
lateral transfer. Specific virulence factors are encoded by each
SPI and are required for its complex life cycle within the
infected host (18).

Using a set of mapped lambda clones from S. enterica (50)
for hybridization with E. coli total genomic DNA, we were able
to show that unique Salmonella DNA fragments (Fig. 1) were
located at the previously defined loops at 92 min and 94 min
(37). The loop at 92 min was found to contain a new Salmo-
nella pathogenicity island (SPI-4). SPI-4 is flanked by the gene
ssb (encodes the single-stranded DNA binding protein) and
the gene yjeb_Ecoli (encodes a hypothetical protein of 13 kDa
that is upstream of the superoxide regulatory gene soxSR) at 92
min on the chromosome map of S. enterica (Fig. 5). SPI-4 has
a mosaic G+C content as shown in Fig. 5A. A 9-kb region
(37% G+C) is followed by a 7-kb region (54% G+C) and then
by a 9-kb region (44% G+C). The average G+C content of
Salmonella is about 52 to 54%. Thus, the lower G+C contents
of the two 9-kb regions suggest that they are likely to have been
acquired by lateral transfer. On the other hand, the 7-kb frag-
ment appears to comprise two 3.5-kb similar fragments (71%
sequence identity) (Fig. 5). This may be the result of a dupli-
cation insertion since the first 3.5-kb region is flanked by a
direct repeat of 567 bp at both ends. A 5-kb DNA probe,
derived from this 7-kb region, was found to hybridize to a
Southern blot generated from the 10 most common ETs of S.
enterica serovars (Fig. 2). A similar result was obtained with a
5-kb probe derived from the 9-kb (44% G+ C) region (data not
shown). The locations of the probes within SPI-4 are indicated
in Fig. 5. Thus, both the low G+C and the regular G+C
regions within SPI-4 are present in the S. enterica tested. How-
ever, further analysis of the distribution and the organization
of the mosaic structure of SPI-4 among the phylogenetically
defined eight subspecies of S. enterica (10, 33) and related
bacteria is needed to better understand the origin and evolu-
tion of SPI-4.
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TABLE 1. Summary of sequence analysis of putative proteins encoded by SPI-4
Protein (pi%i;ign;g)s TES;]) Characteristics

A 524 (58) Has five transmembrane helices with one at the N terminus

B 121 (14) Unknown

C 439 (51) Shares significant homology with agg4 gene product (22% identity, 45% similarity), hasF gene
product (18% identity, 45% similarity), prtF gene product (21% identity, 43% similarity), and
cyaE gene product (19% similarity, 43% similarity); has one transmembrane helix at N terminus;
belongs to ABC exporter outer membrane component family

D 425 (48) Shares significant homology with /ipC gene product (24% identity, 46% similarity), prtE gene
product (25% identity, 45% similarity), hlyD gene product (23% identity, 47% similarity), and
lktD gene product (21% identity, 43% similarity); has one transmembrane helix at N terminus;
belongs to HlyD family of secretion proteins with periplasmic domains

E 130 (14) Has one transmembrane helix at N terminus

F 526 (56) Shares significant homology with a 93.4-kDa hypothetical protein of A. calcoaceticus (27% identity
and 45% similarity over a stretch of 444 amino acids)

G 431 (46) Shares significant homology with a 93.4-kDa hypothetical protein of A. calcoaceticus (27% identity
and 43% similarity over a stretch of 396 amino acids); has one transmembrane helix

H 116 (13) Unknown

I 754 (81) Shares significant homology with part of a hypothetical 308.8-kDa protein of Synechocystis sp. strain
PCC6803 (31% identity and 44% similarity over a stretch of 724 amino acids)

J 172 (19) Unknown

K 820 (88) Shares significant homology with part of a hypothetical 308.8-kDa protein of Synechocystis sp. strain
PCC6803 (32% identity and 46% similarity over a stretch of 780 amino acids)

L 206 (22) ORF_M was inserted by Tn/0 into strain MST2097, which is unable to survive within macrophage

M 123 (13) Unknown

N 92 (9.6) Unknown

(6] 1,512 (162) Shares significant homology with part of a hypothetical 308.8-kDa protein of Synechocystis sp. strain
PCC6803 (25% identity and 42% similarity over a stretch of 1,327 amino acids); has three
transmembrane helices with one at the C terminus

P 463 (49) Unknown

Q 38 (4.5) Unknown

R 598 (67) Shares significant homology with /ktB gene product (28% identity, 51% similarity), cy/B gene

product (27% identity, 52% similarity), hlyB gene product (27% identity, 50% similarity), apxIB
gene product (26% identity, 50% similarity); has five transmembrane helices (N terminus
outside); belongs to ABC transporter family with ATP-GTP-binding site motif A

The SPI-4 encodes 18 putative proteins as predicted by
GeneMark analysis. The letters A to R were assigned to each
of the putative ORFs (Fig. 5). Apparently, the ORFs are or-
ganized as a single operon and a strong hairpin transcription
terminator structure is present after the last ORF, ORF_R.
Interestingly, 153 bp upstream from the first codon of ORF_A
is a DNA region with a high potential to encode a tRNA-like
gene as predicted by DNASIS software (Fig. 4). Pathogenicity
islands have often been found to be located next to tRNA
genes (19, 22). SPI-2 is adjacent to the tRNA val locus (23) and
SPI-3 is adjacent to the se/C tRNA locus (6). Since a few phage
have been found to use tRNA as a site for integration (19),
similar mechanisms may have operated for the acquisition of
SPI-4 into Salmonella through specialized transduction. More-
over, it has been previously demonstrated that tRNA genes
influence pathogenicity island gene expression in uropatho-
genic E. coli through specific transcriptional or translational
control mechanisms (39, 45). The presence of a putative
tRNA-like gene may also be related to the regulation of SPI-4
gene expression. Besides the putative tRNA structure and
transcription terminator structure detected at the boundaries
of SPI-4, no sequence repeats of significant length, IS ele-
ments, or phage attachment sites were found. Similar results
have been obtained in the analysis of the boundaries at SPI-1,
SPI-2, and SPI-3 (23, 31, 34). This might suggest that SPIs are
relatively stable in the contemporary Salmonella spp. and that
mutational changes accumulated over a long period of time
have obscured the original insertion sites.

The presence of membrane-spanning domains in at least

seven of the putative proteins and the high similarities of some
of these putative proteins to known toxin secretion proteins,
such as CyaE, LipC, and LktB (Fig. 6), suggest that SPI-4
contains a secretory system. In fact, we have found that a
Salmonella strain, MS2097 (4), which was found to have a Tn/0
insertion in the ORF_L of SPI-4, is defective in the secretion
of a large extracellular protein (data not shown). However,
ORF_L neither has the capacity to encode this secreted pro-
tein nor can it encode a protein with putative transmembrane
domains. Since Tn/0 insertion may have a polar effect on the
expression of all the genes downstream from ORF_L, expres-
sion of ORF_M to ORF_R may be affected. In regard to the
size of the secreted protein, ORF_O may have the capacity to
encode the secreted protein. However, further analysis is re-
quired to prove this. We speculate that a type I secretory
mechanism (41) is thus likely to be used by SPI-4 because
CyaE, LipC, and LktB proteins are all involved in a type I
secretory system for the secretion of toxins belonging to the
RTX toxin family (46). This is in contrast with SPI-1 and SPI-2
(15, 34), which use a type III secretion mechanism (41).
Several toxins isolated from different pathogenic bacteria
have been shown to induce apoptosis in various immune cells
(14). These toxins include the leukotoxin isolated from P. hae-
molytica (43) and adenylate cyclase-hemolysin isolated from B.
pertussis (25), whose secretory proteins share significant per-
centages of identity with proteins encoded by SPI-4 (Fig. 6). It
has been shown that Salmonella can induce apoptosis of in-
fected macrophages (13, 32), and the identification of cytotox-
ins in Salmonella species has also been reported (28, 29, 40).



3370 WONG ET AL.

C: 24184 ASELPVIPLRDLVNAALTHQPSVAVSYYETEKKNSDLDLSRAALYPTLDLTSGLNNNRKE
A L + L + ++ AL H P++ + + +++++ L+RA YP++ L++G + R+
CyaE: 57 ADRLDDLALLEAIDLALCHSPALRQGWARIKARSAEVGLARAPYYPSVALSAGRSAQRRS

C: 24364 SSGTERNVENKV---SLSYRITDFGVRGANIRKSEYERDNSKTDYEKTKNIVSQEVVTTY
+ E VNV +L++R+ D G R A +R ++ + D + Y EVW Y

CyaE: 117 TGLGEDGVRNNVMAVTLAWRLFDSGARSAALRAAQAQLDEAAQAYGAVLQDKLAEVVGAY

=~

C: 24535 YNISKYREMIDGVNLEKEFYKKMLEPFSLLVSSGVAMQSDMRKVQVSIDALN‘I‘RSIMYQS
+ R+ + + E 4+ + +G+ D+ Q +++
CyaE: 177 YF‘AM‘ARON HTAVEDTEIARRSASTIAARRARAGL nsHGDVLHAQAALERARLAQAQAEG

C: 24715 MLDDEMYKMQNMTGLN-LSPVQIQSDEKFNLFKKYIFVESPEKLMDMVMKYNDDYKMLVN
+ 4+ 4 G++ P+ + ++ E + LD ++ K

CyaE: 237 AQARALAGLAQVLGVDPATPIVLAPGPLAP--QRIEDRELAQWLRDARQRH-PATIKAAQA

~

C: 24892 TRKAATEDINAAKSSYFPTVDLVSSYVQNNPSGSAKKSDYEDEFKTGINVSFNIFNGF
AAT ++ A+++ PTVDL + +N+ + o+ +N+ +F+GF
CyaE: 294 GLAAATAQVDVARATDMPTVDLSLGHYRNSSENVSVFAGSSRSVSASLNLRIPLFDGF

B D: 5521 FIE INSVVHGQGVITTKDNAQL ISLSKGGT. IQDIYVAEGDTVKKGELLAKVVNLDLQKEY
F v G I++I V +GD VK GE+L ++ +
LipC: 44 FAPLDKGVAS PGSV’!‘VSGNRK’I'VQAPASGI IKNIAVRDGDKV'KAGEVLVQLSQVQAQAQV

D: 5701 QRYRTQRGYLDKDVNEISFILDKENESGLITLDGTR-SLSNKEVKANIELVHSQI--~RA
RQ Y E + +++ S ++T ++ +K A I + +Q+ R
LipC: 104 DSLRDQ--YYTTLATEGRLLAERDGLS-IVTFSPILDAVKDKPRVAEI TALQTQLFASRR

D: 5869 KELK------ KTSLDS---EISGLQEKLSSKEKELALLAEEINTILSPLVKKGISPYTNFL
+ L+ K S+D ++ GLQ+ +K+ +L+ L E++N + L G P +L
LipC: 161 QALQSEIDGYKQSMDGIRFQLKGLQDSRGNKQIQLSSLREQMNSMKQLAADGYLPRNRYL

D: 6022 NKKQAYIKVKSEINDIESSI- TLKKDDIELVVNDTF‘AYN‘NF‘Y RT LSKITISKNL DF‘TF'VV
++ + +V S I++ I +K +E ++ B
LipC: 221 EVQRQFAEV'NSSIDETVGRIGQLQKQLLESQQRIDQRFADYQREVRTQLAQTQI\@ASEFR

D: 6199 NSTLKVIEKQINEEDIYSPVDGVIYKINKSATTHGGVIQAADLLFEIKPKVRTMLADVKI
N Lt++ + + I SPVDG + +N T GGV+ ADVL ++ P T++ D ++
LipC: 281 NK~LQMADFDLGNTAITSPVDGTVVGLN-~IFTQGGVVGAGDHLMDVVPSQATLVVDSRL

D: 6379 LPKYRDQIYVDEAVKLDVQSIIQPKIKSYNATIDNISPDSYEENTGGTIQRYYKVI IAFD
D++Y + QK T+ +S D + G+ YY++ +
LipC: 338 KVDLFDKVYNGLPVDLMFTAFNQNKTPKI PGTVTLVSADRLVDKANG--EPYYQMQVT--

D: 6559 VNEDDLRWL----- KPGMTVDASVITGKHS IMEYLLSPLMKGVDKAFSE
V+ + ++ L KPGM V+ V TG S++ YL P+ + +E
LipC: 394 VSPEGMKMLSGEDIKPGMPVEVFVKTGSRSLLSYLFKPI LDRAHT SLTE

C R: 24217 EPQKIKPVLLNSIFQRIADIPI-FIIFLIVIYVN--LGLVVIVPITMFIV~SIIISLVNH
+I+ L + D+ FIF ++ Y + L LV++ + +I+ ST IS +

LktB: 258 ELDQIRNFLTGQALTSVLDLLFSFIFFAVMWYYSPKLTLVILGSLPCYILWSIFISPILR

@®

R: 24385 HYTNELMNKQKEGQKNRNIFISEVFLSIKMIHTLNNQGLLFD WVNTSNEQSYLNLKIRK
+ +Q F+ E SI MI + + DW SY++ R

LktB: 31 RRLDEKFARSADNQA— -—--FLVESVTSINMIKAMAVAPOMTDTW--DKQLASYVSSSFRV

©

R: 24562 LNLIYQSILGSMS SITQITIMVIAFFM----VIKGDVTTGAIVSSVIVSGRISGIISNF
+ Q@ T+MVI  ++ VI GD++ G +++ ++S5G++ +
LkEB: 372 TVL—— —ATIGQQGVQLIQKTVMVINLWLGAHLVI SGDLSIGQLIAFNMLSGQVIAPVIRL

R: 24727 SSTLISI————LSAEKTGKDLLSFFDEDQAEK’I‘PALQSISKCNGDISIRGVSYQYDAQSP
+S + G D+L+ E K S+ + GDIS + + ++Y +P

LktB: 42 AQLWQDFQQVGISVTRLG DVLNSPTEQYQGKL----SLPEIKGDISFKNIRFRYKPDAP

©

R: 24895 MIINRLSIDIPAGQRVAVVGECGAGKSSLLGMLSGYLSPTDGAILYDGYNLGHLSQNFFS
I+N ++++I G+ + +VG G+GKS+L +L + P +G +L DG++L N+
LktB: 484 TILNNVNLEIRQGEVIGIVGRSGSGKSTLTKLLQRFYIPENGQVLIDGHDLALADPNWLR

R: 25075 QHLSVVTTHDVLFTGTIESNFALK-PQNDRGRVLKALQLANC~GFILQHPMGLKFPVNFM
+ + VW +VL +I NAL P RV+ A +LA FI + G v

LktB: 544 RQIGVVLQEDNVLLNRSIRENIALSDPGMPMERVIYAAKLAGAHDFISELREGYNTIVGEQ

IS

R: 25249 AKNLSSGQQQQLLLARSLSSDASVFLWDEPTSNLDENTEKQIFDNLDEFIHGKTLIMVTH
LS GQ+Q++ +AR+L ++ + ++DE TS LD I N+ + G+T+I++ H

LktB: 604 GAGLSGGQRQRIATARALVNNPKILI FDEATSALDYESEH IIMONMQKICQGRTVILIAH

-

R: 25429 RRYLIKYFDRVLVMKGGKIIRDCSPDKLL
R +K  DR++VM+ G+I+ +LL
LktB: 664 RLSTVKNADRIIVMEKGEIVEQGKHHELL

FIG. 6. Alignment of deduced amino acid sequences of proteins C, D, and R
of SPI-4 with published amino acid sequences for CyaE (accession no. P11092)
(A), LipC (accession no. D49826) (B), and LktB (accession no. P16532) (C). The
numbering of the SPI-4-encoded proteins corresponds to the 27,290-bp DNA
sequence determined in this study, while the numbering of the amino acid
sequences of CyaE, LipC, and LktB is from published data. Conservative sub-
stitutions are indicated by plus signs.

Thus, it is tempting to speculate that a similar mechanism of
induction of apoptosis by cytotoxins may be shared by these
bacteria and that SPI-4 might be involved in the secretion of a
cytotoxin in Salmonella species. The inability of strain MS2097,
which has a Tn/0 insertion within SPI-4 (Fig. 5), to grow within
macrophages may be due to a defective system for cytotoxin
secretion. However, further genetic and biochemical studies
are required to dissect the functions of SPI-4.

Interestingly, all the SPIs identified so far are directly or
indirectly involved in intramacrophage survival or macrophage
cytotoxicity. Although SPI-1 contributes mainly to the ability to
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invade epithelial cells, mutations in several genes within SPI-1
render the bacteria noncytotoxic to macrophages (13, 32). Sim-
ilarly to SPI-1, SPI-2 contributes to another type III secretion
system, and mutations in SPI-2 render the bacteria less cyto-
toxic to cultured macrophages and less invasive to HEp-2 cells
(24). It has also been suggested that SPI-2 is required for
intramacrophage survival (34), although it is still a controver-
sial issue (24). SPI-3 is required for intramacrophage survival
and contributes to the ability to survive in a Mg?"-limiting
environment (6). Here, we have identified a new Salmonella
pathogenicity island (SPI-4), and the results of our analysis
suggest that SPI-4 is required for intramacrophage survival.
Apparently, the ability to surmount the host immune system is
the driving force for the acquisition of pathogenicity islands in
Salmonella. The functions of individual genes within SPI-4 are
currently being investigated.
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