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Salmonella enterica Serovar Typhi Possesses a Unique Repertoire
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Salmonella enterica serotype Typhi differs from nontyphoidal Salmonella serotypes by its strict host adapta-
tion to humans and higher primates. Since fimbriae have been implicated in host adaptation, we investigated
whether the serotype Typhi genome contains fimbrial operons which are unique to this pathogen or restricted
to typhoidal Salmonella serotypes. This study established for the first time the total number of fimbrial operons
present in an individual Salmonella serotype. The serotype Typhi CT18 genome, which has been sequenced by
the Typhi Sequencing Group at the Sanger Centre, contained a type IV fimbrial operon, an orthologue of the
agf operon, and 12 putative fimbrial operons of the chaperone-usher assembly class. In addition to sef, fim, saf,
and tcf, which had been described previously in serotype Typhi, we identified eight new putative chaperone-
usher-dependent fimbrial operons, which were termed bcf, sta, stb, ste, std, stc, stg, and sth. Hybridization
analysis performed with 16 strains of Salmonella reference collection C and 22 strains of Salmonella reference
collection B showed that all eight putative fimbrial operons of serotype Typhi were also present in a number
of nontyphoidal Salmonella serotypes. Thus, a simple correlation between host range and the presence of a
single fimbrial operon seems at present unlikely. However, the serotype Typhi genome differed from that of all
other Salmonella serotypes investigated in that it contained a unique combination of putative fimbrial operons.

The genus Salmonella contains pathogens which are closely
related genetically but differ in their host range (7). One end of
the spectrum is formed by broad-host-range pathogens such as
Salmonella enterica serotype Typhimurium, which is frequently
associated with cases of disease in a number of animal species,
including mice, pigs, poultry, horses, cattle, and sheep (19, 43,
52). At the other end of the spectrum are pathogens whose
ability to cause disease is restricted to a single genus or related
genera of vertebrate species. Serotype Typhi is a prototypical
host-restricted serotype which causes typhoid fever in humans
and higher primates but is unable to produce illness in other
vertebrate species. Since there is no inexpensive animal model
with which to study serotype Typhi pathogenesis, little is
known about virulence factors which are responsible for its
apparent adaptation to the human host and its ability to cause
typhoid fever. With the sequence of the whole serotype Typhi
genome now almost complete, we can begin to address these
questions using comparative genomic analysis.

One of the virulence factors recently implicated in adapta-
tion of serotype Typhi to the human host is a fimbrial operon
termed fcf, for Typhi colonization factor. Serotype Typhi is the
only serotype within Salmonella reference collection C (SARC), a
strain collection consisting of 16 isolates representing all phy-
logenetic lineages within the genus Salmonella, which hybrid-
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izes with a DNA probe specific to the tcf operon (20). The
serotype Typhi fcf operon consists of four genes, tcfABCD,
which display sequence homology to genes within the coo
operon, encoding CS1 fimbriae of human-adapted enterotoxi-
genic Escherichia coli. Interestingly, colonization factor anti-
gens such as CS1 confer the species specificity of enterotoxi-
genic E. coli isolates that are adapted to the human host (14).
From the restricted distribution among Salmonella serotypes
and its homology with genes encoding a human colonization
factor, Folkesson and coworkers concluded that the #cf operon
encodes serotype Typhi-specific fimbriae, which may play a
role in the strict human specificity observed for this pathogen
(20).

The advent of complete genome sequencing allows identifi-
cation of all putative fimbrial operons present in a bacterial
pathogen. The information obtained from shotgun sequencing
of the serotype Typhi genome can hence be used to investigate
further whether the presence of genes encoding an individual
adhesin or a combination of putative fimbrial operons corre-
lates with adaptation of this pathogen to the human host. To
cover the spectrum of genetic diversity among Salmonella se-
rotypes, the distribution of putative serotype Typhi fimbrial
operons can be determined by hybridization with strains of the
SARC collection, which represent isolates of all phylogenetic
lineages within the genus Salmonella, including Salmonella
bongori and S. enterica subspecies I, I, Illa, IIIb, IV, VI, and
VII (9). Within the SARC collection, one phylogenetic group,
S. enterica subspecies I, is of particular interest for public
health because it contains approximately 60% of known Sal-
monella serotypes (38). Furthermore, members of S. enterica
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subspecies I are frequently isolated from mammals and birds
and account for more than 99% of cases of disease reported
from humans and domesticated animals (1). In contrast, mem-
bers of S. bongori and S. enterica subspecies II to VII are rarely
isolated from mammals or birds but rather represent reptile-
associated Salmonella serotypes (7, 38). The SARC collection
contains only two serotypes of S. enterica subspecies I, the
host-restricted serotype Typhi and the broad-host-range sero-
type Typhimurium (9). Thus, to compare the repertoire of
putative serotype Typhi fimbrial operons with that of other
serotypes adapted to humans, livestock, or domestic fowl, hy-
bridization analysis with fimbrial biosynthesis genes has to be
extended to include common S. enterica subspecies I serotypes
which are not represented in the SARC collection. For in-
stance, S. enterica subspecies I contains a number of well-
characterized host-restricted serotypes, such as the avian-
adapted Gallinarum, the bovine-adapted Dublin, the porcine-
adapted Choleraesuis, and several human-adapted typhoidal
serotypes, including Paratyphi A, Paratyphi B, Paratyphi C,
and Sendai. In addition, several broad-host-range serotypes of
S. enterica subspecies I, such as Enteritidis, Heidelberg, and
Agona, are frequently associated with diarrheal disease in hu-
mans and hence should be included in an investigation on the
distribution of fimbrial operons within this genus.

In this study, we have identified open reading frames in the
serotype Typhi genome which display homology to fimbrial
biosynthesis genes. Hybridization analysis was performed to
compare the genomic repertoire of putative fimbrial operons
present in serotype Typhi with that present in strains of the
SARC collection and a representative collection of S. enterica
subspecies I serotypes. This analysis provided an impression of
the complete makeup of fimbrial biosynthesis genes present in
serotype Typhi and its relation to the fimbrial repertoires
present in other members of its genus.

MATERIALS AND METHODS

Bacterial strains. SARC has been described previously (9). Salmonella sero-
types of S. enterica subspecies I were isolates from Salmonella reference collec-
tion B (SARB), which has been reported recently (8). CT18 is multiple-antibi-
otic-resistant, Vi-positive serotype Typhi strain carrying two plasmids (pHCM1
and pHCM?2) which was isolated in the Mekong Delta (Vietnam) from a child
with uncomplicated typhoid fever. The serotype Typhi strain Ty2 was first iso-
lated in 1918 in Cherson, and this laboratory strain was obtained from stock
maintained at the American Type Culture Collection (ATCC 19430). An avir-
ulent derivative of strain Ty2, termed Ty21a, which was subsequently licensed for
use as a live oral vaccine, was originally described by Germanier and Fiirer (21)
and received from the American Type Culture Collection (ATCC 33459). H901
is a serotype Typhi strain with reduced virulence which was obtained from the
American Type Culture Collection (ATCC 33458) and has been described pre-
viously (24). Clinical serotype Typhi strains from the State of California Health
Laboratory isolated in different years have been described previously (29). The
E. coli strain TA One Shot was purchased from Invitrogen.

DNA analysis. Nucleotide sequences of serotype Typhi with homology to
fimbrial biosynthesis genes were identified by homology search using the pro-
grams BlastX and BlastP (2, 3). The sequence data of clinical isolate CT18 were
produced by the Typhi Sequencing Group at the Sanger Centre and can be
obtained from http://www.sanger.ac.uk/Projects/S_typhi. Comparison of deduced
amino acid sequences and design of PCR primers were performed using the
program MacVector 6.5 (Oxford Molecular Group Inc.).

Generation of nucleotide probes. DNA probes specific for the pef, Ipf, agf, fim,
and sef operons have been described previously (6). The major fimbrial subunits
of the tcf operon (tcfA) and the bcf operon (bcfA) were PCR amplified and
cloned into vector pCR2.1-TOPO (Invitrogen) to give rise to plasmids pNK37
and pNK38, respectively (Table 1). A fragment of the safC gene was PCR
amplified and cloned (pST4) to generate a DNA probe specific for the saf
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TABLE 1. Oligonucleotide primers used in this study

Primer Nucleotide sequence (5" — 3')

tef-1....... CATTTATTCTCAGGGGGAGCG

tef-2 .......CATCCTCTTTATCTGTTGCCACG

bef-1...... TCCCCCGGGGATACTACAACCGTCACTGG
GCGGATAAATCACCCTGGTC
TGTTCTGGCTCCTTGTTTGACG
TTCTGTTTGACCTCCACCCGAG
..CCGAATTCAGTTGAAGGCGGCCAGATCG
CACCCGGGCGTCGTTATCGTTACCCAGGTC
CCGTCGACCGTTTCAATGCCAGACCGTAGC
CCGAATTCTGTTTCTGATAACACCATCACC
CCGAATTCTGTTGATGAGTATGATTCAGG
GACCCGGGGACTTCTTTCTTCTCTGCC
CCGAATTCAGTCGATCCACCAACAGCAGG
CACCCGGGGACGGAAAATGTCAGGGTAATCAG
<o ATAGCGTGTGGAGTGGGAATGC
ste-2......ATAGCGTGTGGAGTGGGAATGC

stg-1....... CCGAATTCATCTGATGGCACCGTTCACTTCC
stg-2......CACCCGGGATCCTTTGGCAACTCACC
sth-1......GACCCGGGGGTTACGGTTGCGGAACCATCG
sth-2.......GTATTGTAATGGGCTGTGGTGTCTC

operon. DNA regions containing fragments of staAB, stbA, stcAB, stdA, steB,
stgAB, and sthAB were PCR amplified and cloned into plasmid vector pCR2.1-
TOPO to give rise to plasmids pNK4, pNK9, pNK29, pNK13, pST11, pNK1, and
pST13, respectively. The primers for PCR amplification of fimbrial biosynthesis
genes are listed in Table 1. After agarose gel electrophoresis, PCR products were
isolated using a QiaexII kit (Qiagen) and the protocols provided by the manu-
facturer. Subsequently, PCR products were cloned using a TA-TOPO cloning kit
from Invitrogen. Plasmid DNA was isolated using ion exchange columns from
Qiagen. DNA probes were generated after EcoRI restriction of plasmids and gel
purification of insert DNA by labeling the restriction fragments depicted in Fig.
1 using the labeling and detection kit (nonradioactive) from NEN.

Southern hybridization. Isolation of total bacterial DNA was performed as
recently described (4). DNA was restricted with EcoRI, and the fragments were
separated on a 0.5% agarose gel. Southern transfer of DNA onto a nylon
membrane was performed as previously described (4). Hybridization was per-
formed at 65°C in solutions without formamide. One 15-min wash was performed
under nonstringent conditions at room temperature in 2X SSC (1X SSC is 0.15
M NaCl plus 0.015 M sodium citrate)-0.1% sodium dodecyl sulfate (SDS).
Subsequently, one 15-min wash was performed under stringent conditions at
65°C in 0.2X SSC-0.1% SDS. Hybrids were detected using the labeling and
detection kit (nonradioactive) from NEN.

RESULTS

Identification of putative fimbrial operons. Three pathways
for the assembly of fimbrial adhesins have been described in
members of the family Enterobacteriaceae to date. These in-
clude the chaperone-usher-dependent assembly pathway (46),
the nucleator-dependent assembly pathway (22), and the as-
sembly pathway for type IV fimbriae (25). While exported
fimbrial subunits that assemble into fimbrial filaments show
little sequence homology, the amino acid sequences of com-
ponents involved in the export and assembly process do tend to
be conserved within each pathway. To identify putative fim-
brial operons in the serotype Typhi genome, we therefore
performed homology searches using sequences of fimbrial pro-
teins known to be involved in assembly.

Putative serotype Typhi fimbrial operons of the nucleator-
dependent assembly class were identified by homology search
(BlastP) with amino acid sequences of aggregative (also known
as curli) fimbrial proteins from serotype Typhimurium (40).
Only one fimbrial operon was identified, which represented the
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serotype Typhi orthologue of the aggregative fimbrial (agf)
operon of serotype Typhimurium.

The presence in some Salmonella serotypes of genes encod-
ing type IV fimbriae is suggested by hybridization analysis
using genes encoding the bundle-forming pilus (bfp) of en-
teropathogenic E. coli as DNA probes. However, this DNA
probe does not hybridize with genomic DNA from serotype
Typhi (42). The identification of a gene cluster for the produc-
tion of serotype Typhi type IV pili was described recently (54).
This fimbrial operon was located on a large (>135 kb) DNA
region which was absent from serotype Typhimurium (Ge-
nome Sequencing Center, personal communication) and con-
tained capsule (Vi antigen) biosynthesis genes and a bacterio-
phage carrying the sopEl gene. The serotype Typhi genome
was scanned for additional putative type IV fimbrial operons
using the amino acid sequences of the type IV prepilin pepti-
dases Tcpl of Vibrio cholerae, BfbP of enteropathogenic E. coli,
PilC and PilD of Pseudomonas aeruginosa, and PilD of Neis-
seria gonorrhoeae (26, 28, 35, 53). An operon orthologous to
the cryptic E. coli ppdD hopBC operon was detected in the
serotype Typhi genome (51). Due to the apparent lack of type
IV fimbriae in E. coli K-12 and the lack of phenotype of an E.
coli hopB mutant, the function of the ppdD hopBC operon, if
any, is presently unclear. It is questionable whether the cryptic
ppdD hopBC operon is related to fimbrial biosynthesis, because
homologues of these genes encode transfer functions of con-
jugative plasmids or are found in the genomes of filamentous
phages. The ppdD and hopBC genes may hence represent the
remnant of an integrated plasmid or bacteriophage, and the
serotype Typhi orthologues were not characterized further in
this study.

Twelve putative serotype Typhi fimbrial operons of the
chaperone-usher-dependent assembly class were identified by
NCBI Blast homology searches within the serotype Typhi ge-
nome (Fig. 1). Four of these operons, sef, tcf, saf, and fim, had
been described previously (16, 20, 41). However, the CT18
genome contained stop codons in sefA, sefD, and fimI (Fig. 1).
Furthermore, an additional open reading frame (safE) was
detected in the saf operon of strain CT18. The saf and tcf
operons were present on an approximately 60-kb DNA region
which was absent from the E. coli K-12 genome and flanked on
one side by a tRNA gene (aspV). Similarly, the sef operon was
located on a DNA region that was absent from E. coli K-12 and
flanked on one side by a tRNA gene (lewX). In contrast, an
orthologue of the serotype Typhi fimACDHF operon (desig-
nated sfimACDHF) was located at the corresponding map po-
sition (5’ of the folD gene) in the E. coli K-12 genome. It
should be pointed out that the E. coli orthologue of the sero-
type Typhi fim operon is not identical with the E. coli fim
operon. The fim operon of E. coli maps to a different location
than that of serotype Typhi, and both gene clusters are distinct
in gene order and the number of genes present. Thus, despite
the fact that the fim operons of E. coli and serotype Typhi both
encode mannose-sensitive adhesins which are termed type I
fimbriae, these two operons are clearly paralogous. An ortho-
logue of the E. coli fim operon was not present in the serotype
Typhi genome.

One operon that had not previously been described in sero-
type Typhi represented an orthologue of the putative bcf fim-
brial operon recently identified in serotype Typhimurium (48).

INFECT. IMMUN.

This operon was located between orthologues of dnaJ and
nhaA on a 30-kb DNA region that was absent from the E. coli
K-12 genome. The remaining seven putative fimbrial operons
had not previously been described in the genus Salmonella and
were designated sta, stb, stc, std, ste, stg, and sth. Our subse-
quent analysis focused on characterizing these putative fim-
brial operons of the chaperone-usher-dependent assembly
class.

The staABCDEFG operon was located upstream of the panB
gene and represented an orthologue of an operon present
in the E. coli K-12 genome, which is formed by the genes
yadCKLM, htrE, ecpD, and yadN (39). Although the predicted
amino acid sequences of fimbrial proteins in serotype Typhi
and E. coli had only between 33.9 and 60.3% identity, the gene
order was conserved. Furthermore, sequences upstream (filK
and pcnB) and downstream (panDCB) of sta were highly con-
served between the two organisms (between 82.3 and 96%
amino acid sequence identity).

The stbABCDE operon was located on a 26.7-kb DNA re-
gion that was absent from the E. coli K-12 genome. The tRNA
gene thrlW and an attachment site for bacteriophage P22 (ataA)
formed one border of this genetic island, while the second
border was formed by an orthologue of the E. coli open read-
ing frame yahN. This island also carried foxA, a gene encoding
an outer membrane ferrioxamine receptor described recently
in serotype Typhimurium (27).

The genes stcABCD were found to be orthologues of open
reading frames yehDCBA, respectively, of E. coli K-12. The
predicted amino acid sequences of fimbrial proteins in sero-
type Typhi and E. coli had only between 32 and 75% identity,
while proteins encoded upstream (MetG, 95% identity) or
downstream of the stc operon were highly conserved.

The stdABC operon was located on a 19.5-kb DNA region
that was absent from the E. coli K-12 genome. The tRNA gene
glyU and an orthologue of the E. coli open reading frame b2845
formed the borders of this genetic island.

The steABCDEF operon was flanked by mazG and rel4 and
was located on a 9-kb DNA region that was absent from the E.
coli K-12 genome. The first gene in the operon, steA4, displayed
homology to genes encoding fimbrial subunits. However, se-
quence homology suggested that a stop codon detected at
codon 88 of ste4 would result in truncation of the putative
fimbrial subunit (Fig. 1).

The stgABCD operon was located on a 9-kb DNA region
that was absent from the E. coli K-12 genome. The insertion,
relative to the E. coli K-12 sequence, was located between
orthologues of glmS and pstS. A TAA stop was detected at
codon 171 of the stgC coding sequence, the gene encoding the
putative usher of the szg operon (Fig. 1).

The sthABCDE operon was located on a 6-kb DNA region
that was absent from the E. coli K-12 genome. This genetic
region was flanked by orthologues of the E. coli creD and arcA
genes. DNA sequences with homology to genes encoding fim-
brial usher proteins (sthC) and fimbrial subunits (sthE) were
pseudogenes (interrupted by a stop codon or a frameshift
mutation) (Fig. 1).

Distribution of putative fimbrial operons of the chaperone-
usher-dependent assembly pathway within the genus Salmo-
nella. The serotype Typhi genome contained 12 putative fim-
brial operons of the chaperone-usher-dependent assembly
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FIG. 1. Genetic organization of putative serotype Typhi operons of the chaperone-usher-dependent assembly class. The designation of genes
is indicated, and the systematic number designation (STY number) of open reading frames annotated in the serotype Typhi genome is given in
parentheses. Open arrows indicate the positions of open reading frames with homology to genes encoding fimbrial subunits. Solid arrows indicate
the positions of open reading frames with homology to genes involved in transport and assembly of subunits (fimbrial chaperones and ushers). The
positions of DNA fragments used as DNA probes for hybridization analysis with strains of the SARC and SARB collections are indicated by
hatched bars. stop, stop codon; fs, frameshift mutation.



2898 TOWNSEND ET AL.

sef fim  bcf

Typhimurium (Tml) + + -
Paratyphi B Pb5) - + -
Muenchen Mul) - - -
Paratyphi B (Pbl) - +
Paratyphi B (Pb3) - +
Paratyphi A (Pal) - -
Sendai (Sel) - -
Gallinarum (Gal) -
Gallinarum (Pu3) -
Gallinarum (Pu4)
Heidelberg (Hel)
Dublin (Dul) -
Enteritidis (Enl)

Choleraesuis (Cs1)
Choleraesuis (Cs11) -
Paratyphi C Pc2)
Typhisuis (Ts1)

Agona (Agl) -
Derby (Del)
Montevideo Mol) - - -

A pef  If

oo
+ o+ + 4+ + o+
G+ o+

+ +
+ o+ o+ o+
1

e T S S S S S S S S T S s
O I T T T T S S S S S S S St S S S Rt

=
3
-~
S

f

Typhi (Tpl) - -
Typhi (ITp2) - -
Typhi (CT18) - -
Typhi (isolate #2) - -
Typhi @solate #1) - -
Typhi (H901)
Typhi (Ty2)

Typhi (Ty21la) - -

1%}
+ 4+t
+ 4+ + + o+ + o+
4+ + + + o+ o+

INFECT. IMMUN.

tcf saf  sta stb stc std ste stg sth
- + - + + + - - +
- + - + + + + - +
+ + - + - + + - +
- + - + + + + - +
- + - + + + + - +
+ + - + - + + +
+ + + + - + + + +
- + - + - + - +
- + + + - + + + +
+ + + - + + + +

+ + - + - + + - +
- + + + - + + + +
- + + + + + + +
+ + - + + + + - +
- + - + - + + - +
- + - + + +
+ + + + + + - +
- + - + + + + - +
- + + + - + + + +
+ + - + - + + - +
tef saf sta stb stc std ste stg sth
+ + + + + + + + +
+ + + + + + + + +
+ + + + + + + + +
+ + + + + + + + +
+ + + + + + + + +
+ + + + + + + + +
+ + + + + + + + +
+ + + + + + + + +

FIG. 2. Distribution of known fimbrial operons among serotypes of S. enterica subspecies 1. (A) Distribution of fimbrial operons among 20
strains of the SARB collection determined by Southern hybridization. The distribution of the fim, Ipf, pef, agf, and sef operons among these isolates
has been reported previously (6). Serotypes: Ag, Agona; Cs, Choleraesuis; De, Derby; Du, Dublin; En, Enteritidis; Ga, Gallinarum (biotype
Gallinarum); He, Heidelberg; Mo, Montevideo; Mu, Muenchen; Pa, Paratyphi A; Pb, Paratyphi B; Pc, Paratyphi C; Pu, Gallinarum (biotype
Pullorum); Se, Sendai; Tm, Typhimurium; Ts, Typhisuis. (B) Distribution of fimbrial operons among eight serotype Typhi isolates. The presence
of fimbrial operons in strain CT18 was determined by analyzing the genomic sequence determined by the Sanger Centre. Data for the remaining
isolates were determined by Southern hybridization. Strains Tpl and Tp2 are part of the SARB collection. +, operon present; —, operon not

present.

class (Fig. 1). The distribution among a representative set of S.
enterica subspecies I serotypes has been determined for only
three of these operons, fim, saf, and sef (5, 16, 20, 45). To
determine the distribution of the remaining fimbrial operons
of the chaperone-usher-dependent assembly pathway among
strains of S. enterica subspecies I, Southern blot analysis was
performed with genomic DNA from 20 strains of the SARB
collection (Fig. 2A). Each DNA probe gave hybridization sig-
nals with several Salmonella serotypes. Furthermore, none of
the fimbrial operons was restricted to typhoidal Salmonella
serotypes (Typhi and Paratyphi A, B, and C). While hybridiza-
tion analysis demonstrated that safB, bcfAB, stbA, stdA, steB,
and sthAB are well conserved among isolates of S. enterica
subspecies I, DNA probes specific for tcfB, staAB, stcAB, and
stgAB produced a scattered hybridization pattern within this
group. The scattered phylogenetic distribution of t¢fBC, staAB,
stcAB, and stgAB suggests that deletions and/or horizontal

transfer events of the corresponding putative fimbrial operons
occurred multiple times within S. enterica subspecies I, gener-
ating different combinations of fimbrial operons in different
serotypes.

To assess whether the repertoire of putative fimbrial oper-
ons detected in the genomic sequence of the clinical serotype
Typhi isolate CT18 was conserved among other members of
this serotype, Southern hybridization was performed with
genomic DNA from serotype Typhi strains Ty2, Ty21a, and
H901, two clinical isolates from California, and two serotype
Typhi isolates (Tpl and Tp2) present in the SARB collection.
DNA probes specific for agf, fim, bcf, sef, tcf, sta, stb, stc, std, ste,
stg, and sth hybridized with genomic DNA from all isolates. In
contrast, no hybridization signal was obtained with DNA
probes specific for the serotype Typhimurium fimbrial operons
pef and Ipf (Fig. 2B).

DNA probes specific to newly identified putative fimbrial
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FIG. 3. Distribution of fimbrial operons among 16 strains of the
SARC collection determined by Southern hybridization. The SARC
collection contains serotypes of S. bongori (s3041 and s3044), and of S.
enterica subspecies I (serotype Typhimurium s4194, serotype Typhi
$3333), II (52985 and s2993), I11a (s2980 and s2983), I1Ib (s2978 and
$2979), IV (53015 and s3027), VI (52995 and s3057), and VII (s3013
and s3014). +, operon present; —, operon not present.

operons were used for Southern hybridization with total DNA
from the 16 strains of the SARC collection, representing S.
bongori and S. enterica subspecies I to VII (Fig. 3). DNA
probes specific for two fimbrial operons, sta and stc, hybridized
only with genomic DNA from S. enterica subspecies I sero-
types. Similarly, a previous report indicates that sequences
homologous to fcf and saf are restricted to serotypes of S.
enterica subspecies I (20). In contrast, in addition to hybridiz-
ing with DNA from isolates of S. enterica subspecies I, DNA
probes specific for bcf, stb, std, ste, stg, and sth hybridized with
genomic DNA from serotypes of S. bongori of other S. enterica
subspecies (Fig. 3).

DISCUSSION

While the distribution among Salmonella serotypes is known
for individual fimbrial operons or a selected subset of operons,
previous studies fall short of establishing the total number of
fimbrial operons present in a particular Salmonella serotype (6,
11, 15, 20, 45, 47). A study showing that a serotype Typhi-
murium strain carrying mutations in all known fimbrial oper-
ons (fim, Ipf, pef, and agf) is still able to express several mor-
phologically distinct fimbrial structures suggests that a number
of fimbrial operons have not yet been described (50). To obtain
a first impression of how many fimbrial operons may be
present in a particular Salmonella serotype, we searched the
genomic sequence of the serotype Typhi strain CT18 for pu-
tative fimbrial genes. The serotype Typhi genome contained
one member of the nucleator-dependent assembly class of
fimbrial operons which represented an orthologue of the se-
rotype Typhimurium agf operon (40). Furthermore, a type IV
pilus operon present in CT18 has been characterized previ-
ously in serotype Typhi (54). In addition, the serotype Typhi
genome contained 12 putative fimbrial operons of the chaper-
one-usher-dependent assembly class, 7 of which had not pre-
viously been described in the genus Salmonella (Fig. 1). The 12
putative fimbrial operons of the chaperone-usher-dependent
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assembly class detected in strain CT18 were also present in
seven other serotype Typhi strains investigated, including the
current oral typhoid vaccine strain Ty21a (Fig. 2B).

A recent study has implicated the #cf fimbrial operon in the
adaptation of serotype Typhi to the human host. In support of
this idea, it was shown by hybridization analysis using strains of
the SARC collection that the fcf operon is a DNA region which
is restricted to serotype Typhi (20). Since the 16 strains of the
SARC collection include only two serotypes of S. enterica sub-
species I (Typhi and Typhimurium) (Fig. 3), we extended this
analysis to include other serotypes frequently isolated from
humans or domestic animals. Hybridization analysis performed
with DNA from 20 representatives of S. enterica subspecies 1
established that sequences with homology to fcf were not re-
stricted to serotype Typhi (Fig. 2A). While DNA from three
typhoidal serotypes, including Typhi, Paratyphi A, and Sendai,
hybridized with the tcfA4-specific DNA probe, two typhoidal
serotypes, Paratyphi B and Paratyphi C, did not contain this
DNA region (Fig. 2A and B). Furthermore, DNA from a
number of nontyphoidal serotypes, including Heidelberg, Chol-
eraesuis, Montevideo, Typhisuis, and Muenchen, hybridized
with the fcfA-specific DNA probe. Thus, the fcf operon is
neither specific to serotype Typhi nor restricted to or charac-
teristic of human-adapted typhoidal serotypes. Similarly, none
of the other putative fimbrial operons investigated in this study
were found to be restricted to serotype Typhi or to human-
adapted typhoidal serotypes. This finding may not be surpris-
ing, as the detection of fimbrial biosynthesis genes by Southern
hybridization does not provide clues about the potential roles
of the encoded adhesins during host-pathogen interaction. For
instance, the fim operon is well conserved among Salmonella
serotypes, as indicated by Southern blot analysis (6, 45). How-
ever, the fim operon in serotypes Typhimurium and Typhi
encodes an adhesin, termed type 1 fimbriae, which mediates
mannose-sensitive hemagglutination (18, 31, 36), whereas in
serotype Gallinarum, it encodes surface appendages, termed
type 2 fimbriae, which do not mediate mannose-sensitive hem-
agglutination (13, 37). These differences in the binding speci-
ficity of the adhesin encoded by the fim operon are not de-
tected by Southern hybridization (Fig. 2), possibly because the
adhesive properties of fimbriae can be altered by point muta-
tions, as recently shown for type 1 fimbriae of E. coli (44). Since
the presence of a fimbrial operon in two Salmonella serotypes
does not imply that the encoded adhesins possess identical
binding properties, it is not possible to make reliable infer-
ences regarding host adaptation using data from Southern
hybridization. Although fimbriae may play a role in host ad-
aptation, a simple correlation between host range and the
presence of a single fimbrial operon seems at present unlikely.

While alterations in the binding specificity of fimbriae may
occur, fimbriae appear to be antigenically conserved (34). Fim-
brial antigens are composed of about 1,000 copies of a major
fimbrial subunit. The majority of an antibody response against
intact whole fimbriae is elicited by the major fimbrial subunit
(23, 30). Sequence analyses show that FimA, the major fimbrial
subunit of type 1 fimbriae, has 99% sequence identity between
serotypes Typhimurium and Enteritidis (17). Similarly, the se-
quence of serotype Typhimurium IpfA4, encoding the major
subunit of LP (long polar) fimbriae, differs by only one non-
synonymous change from that of serotype Enteritidis [pfA4 (33).
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As a consequence of the high degree of sequence conservation
between major fimbrial antigens, serum raised against type 1
fimbriae of serotype Typhimurium or Enteritidis cross-reacts
with type 2 fimbriae of serotype Gallinarum and type 1 fim-
briae of other Salmonella serotypes (13, 17, 37). Similarly,
LpfA of serotypes Enteritidis and Typhimurium, SefA of se-
rotypes Dublin and Enteritidis, and AgfA of various Salmo-
nella serotypes cross-react serologically (15, 16, 33). Further-
more, fimbriae are targeted by the immune response during an
infection, as shown by analyzing the serological response to
SEF-14 fimbriae during serotype Enteritidis infection in chick-
ens (12), to type 1 fimbriae in human typhoid fever patients
(10), and to LpfA during serotype Typhimurium infection in
mice (32). Determining the distribution of fimbrial operons is
thus a first step in assessing which fimbrial antigens may be
expressed by a Salmonella serotype. Interestingly, the reper-
toire of putative fimbrial operons of the chaperone-usher-de-
pendent assembly class that was detected in the genomic se-
quence of CT18 was found to be conserved among serotype
Typhi isolates (Fig. 2B) but was distinct from that of all other
Salmonella serotypes investigated (Fig. 2A). The presence of a
unique repertoire of fimbrial biosynthesis genes in serotype
Typhi is intriguing and illustrates that our understanding of
this aspect in the genetic design of Salmonella serotypes is
rather limited. For instance, it is currently an enigma which
selective pressures are responsible for generating and main-
taining the substantial heterogeneity of fimbrial repertoires
found among Salmonella serotypes (Fig. 2).

Evidence for expression of fimbriae assembled by the chap-
erone-usher-dependent pathway in serotype Typhi is so far
only available for the fim operon (18, 31). Thus, with the
exception of fim, all operons described in this study should be
considered putative. This conclusion is underscored by the
finding that several open reading frames in putative fimbrial
operons were interrupted by stop codons or frameshift muta-
tions and should thus be considered pseudogenes (Fig. 1). In
case these mutations affect genes important for assembly, these
operons may not be functional in serotype Typhi. For instance,
both fimbrial subunits encoded by the sef gene cluster were
pseudogenes in serotype Typhi strain CT18, suggesting that
this operon may not encode a functional adhesin. Consistent
with this idea, expression of the SefA fimbrial subunit is not
detectable by Western blot in serotype Typhi strains hybridiz-
ing with a sef4-specific DNA probe (16, 49).
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