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Salmonella enterica serovar Typhimurium is a Gram-negative member of the family Enterobacteriaceae and is a common cause
of bacterial food poisoning in humans. The fimbrial appendages are found on the surface of many enteric bacteria and enable the
bacteria to bind to eukaryotic cells. S. Typhimurium type 1 fimbriae are characterized by mannose-sensitive hemagglutination
and are assembled via the chaperone/usher pathway. S. Typhimurium type 1 fimbrial proteins are encoded by the fim gene cluster
(fimAICDHFZYW), with fimAICDHF expressed as a single transcriptional unit. The structural components of the fimbriae are FimA
(major subunit), FimI, FimH (adhesin), and FimF (adaptor). In order to determine which components are required for fimbrial forma-
tion in S. Typhimurium, mutations in fimA, fimI, fimH, and fimF were constructed and examined for their ability to produce surface-
assembled fimbriae. S. Typhimurium SL1344�fimA, -�fimH, and -�fimF mutants were unable to assemble fimbriae, indicating that
these genes are necessary for fimbrial production in S. Typhimurium. However, SL1344�fimI was able to assemble fimbriae. In Esche-
richia coli type 1 and Pap fimbriae, at least two adaptors are expressed in addition to the adhesins. However, E. coli type 1 and Pap fim-
briae have been reported to be able to assemble fimbriae in the absence of these proteins. These results suggest differences between the
S. Typhimurium type 1 fimbrial system and the E. coli type 1 and Pap fimbrial systems.

Salmonella enterica serovar Typhimurium (S. Typhimurium)
has been shown to produce mannose-sensitive type 1 fimbriae

on the bacterial surface (10, 31, 34). These fimbriae play a role in
mediating bacterial adherence to eukaryotic cells, which is a crit-
ical step in successful colonization and pathogenesis of S. Typhi-
murium (3, 12, 29). The S. Typhimurium fimbrial gene (fim) clus-
ter is proposed to be comprised of a six-gene operon encoding the
structural and assembly components (fimAICDHF) and three in-
dependently transcribed regulatory genes, fimZ, -Y, and -W (7, 38,
39, 41, 45). The fimbrial appendage is primarily composed of mul-
tiple copies of the major fimbrial subunit FimA. FimC and FimD
are the chaperone and usher proteins used to assemble fimbriae
on the surface of the cell. The adhesive capability of the fimbriae is
conferred by FimH, which is present at the tip of the fimbriae (19).
Although functionally related to the Escherichia coli Fim proteins,
the Salmonella fim genes and their products exhibit little related-
ness at the nucleotide and amino acid level. The S. Typhimurium
FimI protein also does not appear to be closely related to FimI of E.
coli, and its function in Salmonella is unknown, although E. coli
FimI mutants have been reported to be nonfimbriate (43). The S.
Typhimurium FimF protein has little similarity to either of the E.
coli adaptor proteins FimF and FimG but is presumed to function
as an adaptor due to its location within the S. Typhimurium fim
gene cluster and the presence of conserved amino acid domains
found in both FimF and the Salmonella FimA subunit.

A number of well-characterized fimbrial systems are assembled
using the chaperone/usher pathway (31, 40). These include E. coli
type 1 fimbriae, which aid binding to a number of eukaryotic cell
types, and Pap fimbriae, which are important for digalactoside-
specific binding in uropathogenic E. coli (4, 21, 27). Both of these
E. coli fimbrial systems include major subunits (FimA and PapA),
an adhesin (FimH and PapG), and fimbrial adaptor proteins
(FimF and FimG and PapE and PapF). Specific deletions in the
genes encoding the adhesin proteins in both fimbrial systems re-
sult in bacteria that are able to produce surface-assembled fim-
briae; however, these fimbriae are nonadhesive (24, 26). Addition-

ally, it has been suggested that the E. coli fimbrial adaptor proteins
are not absolutely required for the production of fimbriate bacte-
ria. Mutations in the gene encoding the Pap fimbrial adaptor,
papE, result in fimbriate and adhesive cells, while mutations in
papF generate fimbriate but nonadhesive phenotypes (25). Similar
results were observed in E. coli strains lacking the adaptors FimF
and FimG in that adhesive fimbriae were produced on the bacte-
rial surface. However, bacteria with a fimF mutation produce
fewer fimbriae, and those lacking fimG produce longer fimbrial
appendages. In both mutants, the fimbriae produced are func-
tional and adhesive (37). As indicated above, the remaining E. coli
type 1 structural gene, fimI, shares little homology with that of S.
Typhimurium and is believed to be a minor subunit of the fim-
briae. E. coli strains with a deleted fimI gene do not produce sur-
face-assembled fimbriae (43).

The S. Typhimurium fim gene cluster possesses only one adap-
tor protein, while both the E. coli fim and pap systems possess
genes encoding at least two adaptors. Additionally, E. coli fimbrial
genes are unable to complement S. Typhimurium Fim mutants
and similarly Salmonella Fim proteins cannot be used to assemble
E. coli fimbriae (8, 14). The necessity for the presence of adhesin
and adaptor proteins for production of surface-assembled fim-
briae had not been examined in S. Typhimurium. Noting the ge-
netic and functional differences between E. coli type 1 and Pap
fimbrial gene clusters and the S. Typhimurium Fim gene cluster,
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we examined what components of S. Typhimurium fimbriae are
required for fimbrial assembly.

MATERIALS AND METHODS
Bacterial strains, plasmids, and media. Table 1 lists the bacterial strains,
plasmids, and oligonucleotides used in this study. All strains were grown
on Luria-Bertani (LB) media at 37°C, unless otherwise stated. Media were
supplemented with ampicillin (100 �g/ml), kanamycin (25 �g/ml), or
chloramphenicol (25 �g/ml) as necessary. Manipulation of DNA and
construction of plasmids were carried out using standard techniques. Nu-
cleotide sequencing was performed by the University of Iowa DNA se-
quencing facility.

Construction and characterization of the S. Typhimurium fim mu-
tants. Nonpolar Fim deletion mutants were constructed in S. Typhimu-
rium SL1344 using � Red recombinase and PCR products as described in
detail by Datsenko and Wanner (9). Briefly, oligonucleotides were de-
signed to amplify regions of the gene to be deleted, as well as an antibiotic
resistance marker and an FLP recognition target (FRT). The resulting
linear PCR product was then directly transformed into the desired strain
previously transformed with a Red recombinase-producing plasmid, and
selection for the appropriate antibiotic was performed. Antibiotic resis-
tance was subsequently eliminated using a helper plasmid able to express
the FLP recombinase. Finally, helper plasmids were cured from the dele-
tion mutants by growth at 42°C.

TABLE 1 Bacterial strains, plasmids, and oligonucleotides used in this study

Strain, plasmid, or
oligonucleotide Description or sequence (5=–3=) Reference or source

Strains
SL1344 Wild-type S. Typhimurium, fimbriate 17
SL1344�fimA SL1344 fimA deletion mutant, nonfimbriate This study
SL1344�fimA SL1344 fimA partial deletion mutant, C-terminal half of gene intact, nonfimbriate This study
SL1344fimA::TT SL1344 fimA insertion mutant, nonfimbriate This study
SL1344fimA::TT::fimA SL1344 fimA insertion mutant, fimA integrated in single copy, fimbriate This study
SL1344�fimI SL1344 fimI deletion mutant, fimbriate This study
SL1344�fimH SL1344 fimH deletion mutant, nonfimbriate This study
SL1344�fimH::fimH SL1344 fimH deletion mutant, fimH integrated in single copy, fimbriate This study
SL1344�fimF SL1344 fimF deletion mutant, nonfimbriate This study
SL1344�fimHF SL1344 fimHF double deletion mutant, nonfimbriate This study
NEB 5-� E. coli subcloning strain NEB (Ipswich, MA)

Plasmids
pGEM-T Easy Ampr subcloning vector Promega (Madison, WI)
pfimA Ampr vector carrying fimA This study
pfimAI Ampr vector carrying fimAI This study
pfimAIC Ampr vector carrying fimAIC This study
pfimAICDHF Ampr vector carrying fimAICDHF This study
pISF101 Camr vector carrying 12.8-kbp S. Typhimurium fim gene cluster 8
pfimH Ampr vector carrying fimH This study
pfimF Ampr vector carrying fimF This study
pfimHF Ampr vector carrying fimHF This study
pLA2 Kanr CRIM integration vector 16
pINT Ampr CRIM integration helper plasmid 16
pLA2fimA Kanr CRIM integration vector carrying fimA inserted at SphI/KpnI 16
pKD3 Camr Red recombinase template plasmid 9
pKD46 Ampr Red recombinase expression plasmid 9

Oligonucleotides
SAZ12 ATGATCCTTCGGCGCGTTTTCATCGCTATCGGTTGTGTTTTGTTCAGCCCTGTGTAGGCTGGAGCTGCTTC
SAZ13 CTAATTGTAATTGATCAGGAAGGTCGCATCCGCGTTAGCAAGTCCGGGCTCATATGAATATCCTCCTTAG
SAZ41 ATGATAAGGAAAGGCGCGGCGCTAGCGGGGCTTGTTTTGATGTCGCCCGTTGTGTAGGCTGGAGCTGCTTC
SAZ42 TCATGGGTAAACCAGCGTAAACCACACTTCTGAATGAATTCGTCCCGGCGCATATGAATATCCTCCTTAG
SAZ43 GTTGCGGTAGTGCTATTGTCCGCAGAGGAGACAGCCAGCAAATTAGGGTTCATATGAATATCCTCCTTAG
SAZ44 ACAGGATGCCGAAACCGGG
SAZ45 CCCCGATAGCCTCTTCCGT
SAZ56 ATGACCTCTACTATTGCGAGTCTGATGTTTGTCGCTGGCGCAGCGGTTGCG
SAZ83 GTAATTCAAGGGAAATCCATGAAACATAAATTAATGACCTCTACTATTGCTGTGTAGGCTGGAGCTGCTTC
SAZ84 CCGGAGTAGGATCAGCCGCAACCGCTGCGCCAGCGACAAACATCAGACTCCATATGAATATCCTCCTTAG
SAZ90 GGCTGTCTCCTCTGCGGAC
SAZ91 TAAACGCATTCGTGCGGT
SAZ92 ATTTGATGACCAGCAGC
SAZ93 ATACGCAGCGTGTTTTC
SAZ94 GCCGGAAGACGCGCCGAC
SAZ95 CACCCGGTAAATACCGG
SAZ96 ACGTCCGTTACCGTTTG
SAZ97 CCAACCTGATTTTTCCGGCAGCG
SAZ98 AGGCCTCAGGGCAGGCG
SAZ99 GGCGGGCAACCTTCAAGTT
SAZ108 GCGTTGCTCTCGAGGGGAGTACATTTACAATAA
BD4 CGGAGGATAGCCTGAAGCAGCCGATTA
BD5 CTTCGCCCAGAGATGAGTTGGCCTGA
BD11 TATTCGCGCCTGGCCAATCA
BD12 GGCCTTCACTCTATCGTTGAGCT
pLA2fimAfwd CTGGCATGCCATTCAGGCCGTAGGTATCA
pLA2fimArev ACAGGTACCGATAGCCTCTTTCCGTTGAG
fimHdelfwd ATGAAAATATACTCAGCGCTATTGCTGGCGGGGACCGCGCTCTTTTTCACTGTGTAGGCTGGAGCTGCTTC
fimHdelrev TTAATCATAATCGACTCGTAGATAGCCGCGCGCAGTAAACGGCCCTTCCGCATATGAATATCCTCCTTAG
CRIM P1 GGCATAATAGCAATGTAC
CRIM P2 ACTTAACGGCTGACATGG
CRIM P3 ACGAGTATCGAGATGGCA
CRIM P4 AAATATGCCCTTCGCGCA
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Primer pair SAZ43-SAZ56 was used to delete 285 nucleotides (codons
16 to 111) from the 557-nucleotide fimA gene for the construction of
SL1334�fimA. Primers SAZ83 and SAZ84 were used for SL1344fimA::TT,
in which 85 nucleotides were inserted into the fimA gene such that a
translation termination codon would be introduced following the fifth
codon of fimA. Deletions in the remaining fim genes were constructed
using primer pair SAZ41 and SAZ42 for SL1344�fimI, SAZ12 and SAZ13
for SL1344�fimF, fimHdelfwd and fimHdelrev for SL1344�fimH, and
fimHdelfwd and SAZ13 for SL1344�fimHF. For all of these mutations,
primers were constructed to remove the complete reading frame of the
genes without removal of coding sequences from adjacent genes. All mu-
tations were confirmed by sequencing the appropriate regions of DNA.

Complementation of the SL1344 Fim mutants was performed using
plasmids possessing an intact and functional copy of appropriate fim
genes. All genes were cloned from strain SL1344 using conventional tech-
niques and the cloning vector pGEM-T Easy (Promega, Madison, WI). In
addition, complementation by reintroduction of fim genes onto the chro-
mosome of SL1344 mutants was accomplished by integrating a plasmid
containing the gene into the � integration site on the SL1344 chromosome
using the conditional-replication, integration, excision, and retrieval
(CRIM) plasmid-host system devised by Haldimann and Wanner (16).
Briefly, primers were used to clone fim genes downstream of heterologous
promoters into a Pir-dependent CRIM plasmid. When this plasmid is
transformed into a non-Pir host containing a helper plasmid synthesizing
Int, the entire CRIM plasmid is integrated onto the chromosome of the
non-Pir host. Complementation vectors were constructed using primer
pair SAZ44 and SAZ45 for pfimA, BD4 and BD5 for pfimH, and BD11 and
BD12 for pfimF.

fim gene expression. Total RNA was extracted from Salmonella strains
after growth under conditions favoring fimbrial production using a
method previously described by Chouika et al. (6). After isolation of RNA,
any residual DNA was removed using a commercially available DNA-free
kit (Ambion, Austin, TX). The absence of DNA was verified by conven-
tional PCRs in the absence of reverse transcriptase. Copy DNA (cDNA)
was synthesized from isolated RNA using a Superscript III reverse trans-
criptase kit (Invitrogen, Carlsbad, CA) as directed by the manufacturer.
PCRs were carried out on cDNA using nucleotide primers specific for the
amplification of target regions. Primer pair SAZ90-SAZ91 was used to
amplify the intergenic region between fimA and fimI, SAZ92-SAZ93 was
used for fimI to fimC, SAZ94-SAZ95 was used for fimC to fimD, SAZ96-
SAZ97 was used for fimD to fimH, and SAZ98-SAZ99 was used for fimH to
fimF. PCR products were analyzed by agarose gel electrophoresis. Primers,
immediately internal to the predicted translation and termination
codons, within appropriate fim genes were used to detect gene transcrip-
tion in mutants. The location of transcription initiation sites upstream of
individual fim genes was also investigated using the 5= RACE (rapid am-
plification of cDNA ends) techniques (13). RNA was isolated as described
above, and the detection of transcription initiation was performed ac-
cording to the manufacturer’s instructions (Invitrogen, Carlsbad, CA).

Detection of surface-associated type 1 fimbriae. Bacterial cultures
were serially grown in static 10-ml broth cultures at 37°C and were sub-
sequently harvested by centrifugation and resuspended in a small volume
(100 �l) of phosphate-buffered saline (PBS) as previously described (11,
32). Fifty microliters of this suspension was mixed with 2 �l of S. Typhi-
murium type 1-specific fimbrial antiserum. Fimbrial appendages present
on the surface of bacterial cells were detected by agglutination of cells in
this mixture. Serological agglutination titers of strains were also deter-
mined as previously described (10, 34, 44). Additionally, mannose-sensi-
tive hemagglutination was assayed using a 3% suspension of guinea pig
erythrocytes in the presence or absence of mannose (11, 32). Samples for
transmission electron microscopy were prepared by placing aliquots of
bacteria grown statically in broth for 48 h at 37°C prior to placement on
carbon-coated copper grids for 1 min. Grids were stained for 30 s with 2%
phosphotungstic acid or uranyl acetate, and images were visualized using
a JEOL JEM-1230 transmission electron microscope.

Total FimA production by bacteria was determined from bacterial
lysates by Western blot analyses (42). Bacterial suspensions (approxi-
mately 109 bacteria in 20-�l volumes) were sonicated and boiled in SDS
lysis buffer prior to being spotted onto nitrocellulose membranes. FimA
subunits were detected using FimA-specific serum following develop-
ment with peroxidase-labeled goat anti-rabbit serum. Immunoblotting of
bacterial lysates was performed as previously described by our group (18).
Also, Western blot analyses were performed on lysates following SDS gel
electrophoresis and subsequent transfer to membranes using standard
procedures. Commercially available anti-GroEL (Sigma, St. Louis, MO)
was used to detect intracellular GroEL in all bacterial lysates.

RESULTS
The fimAICDHF genes of S. Typhimurium SL1344 are expressed
as a single transcriptional unit. The S. Typhimurium fim genes
are comprised of a gene cluster containing six genes encoding
structural and assembly components as well as three convergently
transcribed regulatory genes (fimZYW) as shown in Fig. 1. In or-
der to determine if the former group of genes (fimAICDHF) can be
transcribed from the fimA promoter, intergenic regions were ex-
amined for the presence of RNA using primers homologous to the
coding regions flanking these intergenic sites. Reverse transcrip-
tase PCR (RT-PCR) was performed using RNA prepared from
strains grown under conditions favoring type 1 fimbria produc-
tion and strongly fimbriate bacteria. As shown in Fig. 2A, PCR-
generated products were obtained for the intergenic regions be-
tween fimA and fimI, fimI and fimC, fimC and fimD, fimD and
fimH, and fimH and fimF using SL1344 as the source of RNA. All
primers were designed to amplify regions that were approximately
500 nucleotides in length and possessed the complete predicted
region between the translation termination site of one gene and

FIG 1 Genetic organization of the S. Typhimurium fim gene cluster and plasmids used in this study. The arrows indicate promoter regions and directions of
transcription. Solid lines indicate DNA carrying the fim genes retained on recombinant plasmids used in this study.
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the translation initiation site of the adjacent gene. These results
indicate that the intergenic regions of the fimAICDHF gene cluster
are transcribed consistent with fimAICDHF being a single tran-
scriptional unit. In addition, no transcriptional initiation sites be-
tween these fim genes could be detected using the 5= RACE tech-
nique (data not shown). The transcription initiation site of fimA
has previously been reported by our group (45).

Also, individual Fim mutants of SL1344 were examined for
their ability to produce fim-specific mRNA from nonmutated
genes. The results of these assays are shown in Fig. 2B.
SL1344�fimA and SL1344fimA::TT are predicted not to produce
full-length fimA transcript compared to the parental strain, and
no fimA-specific mRNA was observed to be produced by these
strains (Fig. 2B). However, full-length fimH- and fimF-specific
mRNA was produced by these strains, although fimH gene expres-
sion appeared to be decreased in the FimA mutant. This result
would suggest that mutations within fimA could have an effect on
fimH gene expression. Complementation of fimA gene expression
in the FimA mutants was achieved following transformation with
a cloned fimA gene alone (see below).

As observed for the FimA mutant, the FimH and FimF mutants
of SL1344 did not produce detectable levels of specific mRNA, but
expression of the other fim genes was detected (Fig. 2B). Conse-
quently, for all mutants examined, deletion (or insertion for one
FimA mutant) of a single fim gene resulted in elimination of de-
tectable transcription of that gene. Regardless of primer design,
the levels of fimH-specific transcript were consistently lower than
those observed for fimA and fimF (Fig. 2), but detectable levels of
RNA were detected in all but the FimH mutant using these prim-
ers. However, as indicated above, we cannot rule out the possibil-
ity that fimH transcription was altered in FimA mutants. Because
all of our experiments to investigate fim-specific transcript pro-

duction were performed using in vitro techniques, we also cannot
eliminate the possibility that in vivo some of the fim genes utilize
internal promoters. Also, our in vitro analyses do not definitively
prove the absence of internal promoters within the fim gene clus-
ter but do indicate that intragenic transcription within the cluster
does occur.

fimA, fimH, and fimF are required for surface-assembled
fimbrial formation in SL1344. The specific Fim mutants of strain
SL1344 were also examined for their ability to produce surface-
assembled type 1 fimbriae. The mutants were examined for their
ability to produce these fimbriae using serum raised against puri-
fied fimbriae isolated from a recombinant E. coli strain. The results
are summarized in Table 2. The absence of the genes encoding the
major fimbrial subunit (FimA), the FimF adaptor, or the fimbrial
adhesin (FimH) resulted in a nonfimbriate phenotype with no
fimbriae detected by reactivity with antibodies or by direct obser-
vation by electron microscopy (Fig. 3). However, the FimI dele-

FIG 2 (A) Transcriptional analysis of the intergenic regions of the fim gene cluster. The intergenic regions within fimAICDHF are linked on one transcript.
RT-PCRs were carried out on RNA isolated from wild-type SL1344. The intergenic regions amplified are indicated by the underlined genes. Primers amplifying
rpoD were included as a control. RT �/� indicates the presence or absence, respectively, of reverse transcriptase in reaction mixtures. (B) Transcription of fim
genes in S. Typhimurium SL1344 mutants. RT-PCRs were carried out on RNA isolated from wild-type S. Typhimurium SL1344 and Fim mutants. The numbers
indicate the strains from which RNA was prepared, and RT-PCRs were performed with (�) or without (�) reverse transcriptase: 1, S. Typhimurium SL1344; 2,
SL1344�fimA; 3, SL1344fimA::TT; 4, SL1344�fimH; 5, SL1344�fimF; 6, SL1344�fimA� (pfimA). RT-PCRs were performed with fimA-specific primers (a), fimH
primers (b), or fimF primers (c).

TABLE 2 Type 1 fimbrial production by SL1344 deletion mutants

Strain Agglutinationa MHSAb

WTc SL3144 ��� (800) ���
SL3144�fimA � N/D
SL1344fimA::TT � N/D
SL3144�fimI ��� (6,400) ���
SL3144�fimH � �
SL3144�fimF � �
SL3144�fimHF � �
a ���, visible agglutination after 60 s; �, no detectable agglutination after 5 min.
Numbers in parentheses are titers of reactivity with anti-FimA serum.
b MSHA, mannose-sensitive agglutination of guinea pig erythrocytes; N/D, not done.
c WT, wild type.
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tion mutant was strongly fimbriate and exhibited a titer 8 times
higher than that produced by fimbriae assembled on the parental
strain (Table 2). Electron microscopic observation of the FimI
mutant did not, however, suggest that the fimbriae produced by
this strain were morphologically different from those produced by
the parental strain SL1344.

Complementation of the FimH- or FimF-negative mutants,
with restoration of the fimbriate phenotype, could be achieved
only using the homologous cloned genes (Table 3). Also, comple-
mentation of the FimHF double mutant was observed only with a
plasmid possessing both fim genes but not with fimH or fimF
alone. In all cases, restoration of the fimbriate phenotype was as-
sociated with mannose-sensitive hemagglutinating activity. These
results indicate that the constructed deletion mutants did not have

polar effects on adjacent genes that would have resulted in lack of
gene expression.

Complementation of a FimA mutant with the cloned fimA de-
terminant carried on a multicopy plasmid did not restore the abil-
ity of transformants to produce type 1 fimbriae. However, this
plasmid was shown to produce FimA subunits (see below). These
transformants were nonfimbriate as determined by seroreactivity
and electron microscopy. However, if this mutant was trans-
formed with a plasmid, pISF101, carrying the complete fim gene
cluster, the transformants were fully fimbriate (8). Deletion deriv-
atives of this plasmid expressing fimA alone, fimAI, or fimAIC were
not able to complement the FimA mutant to restore fimbrial pro-
duction (Fig. 1; Table 3). Because pISF101 possesses the regulatory
genes fimZ, -Y, and -W, a plasmid possessing only the genes en-
coding the structural and assembly components (fimAICDHF)
was constructed (Fig. 1). Transformation of the FimA mutant
with this plasmid did facilitate the production of type 1 fimbriae
by transformants (Table 3).

In order to eliminate any effects of gene dosage on the pheno-
type of transformed mutants, we reintroduced individual fim
genes back onto the chromosome of the FimA and FimH mutants.
The FimH mutant carrying a reintroduced and intact fimH on its
chromosome was fully fimbriate and exhibited a phenotype iden-
tical to that of the FimH mutant transformed with a plasmid-
borne cloned fimH gene. Interestingly, when the fimA gene was
carried on the chromosome of the FimA mutant, type 1 fimbriae
were produced by this strain, unlike the phenotype observed using
a cloned fimA gene on a cloning vector (Table 3). All strains car-
rying the homologous gene as an integrated determinant exhib-
ited phenotypic Salmonella fimbrial phase variation as originally
described by Old and Duguid (32, 33) and optimally produced
surface-assembled fimbriae following serial subculture in static
liquid media.

Fimbrial subunits are not accumulated by Fim mutants.
Since the FimH, FimF, and FimHF mutants were phenotypically
nonfimbriate but did express fimA-specific transcripts, the pres-
ence of FimA subunits from whole-cell lysates was determined.
Lysates of both sonicated and nonsonicated bacterial suspensions
were used in Western blot assays to detect both intracellular and
surface-assembled FimA subunits. None of the mutants produced
detectable levels of fimbrial subunits. A fimbrial phenotype was
invariably associated with detection of FimA subunit by the im-
mune serum (Fig. 4). Therefore, only the parental strain and FimA
mutants complemented with an integrated fimA gene produced
detectable amounts of FimA. The antiserum used in these assays
had been raised against purified recombinant FimA produced in
E. coli lysates. Although these E. coli transformants do not assem-

FIG 3 Nonfimbriate and fimbriate strains of S. Typhimurium. (A) S. Typhi-
murium SL1344�fimH; (B) S. Typhimurium SL1344.

TABLE 3 Complementation of SL1344 Fim mutants

Strain (plasmid) Type 1 fimbriaeb

SL1344fimA::TT �
SL1344fimA::TT::fimA ���
SL1344fimA::TT (pISF101) ���
SL1344fimA::TT (pfimA) �
SL1344fimA::TT (pfimAI) �
SL1344fimA::TT (pfimAIC) �
SL1344fimA::TT (pfimAICDHF) ���
SL3144�fimH �
SL3144�fimH (vca) �
SL3144�fimH (pfimH) ���
SL3144�fimH::fimH ���
SL3144�fimH (pfimF) �
SL3144�fimH (pfimHF) ���
SL3144�fimF �
SL3144�fimF (vc) �
SL3144�fimF (pfimH) �
SL3144�fimF (pfimF) ���
SL3144�fim (pfimHF) ���
SL3144�fimHF �
SL3144�fimHF (vc) �
SL3144�fimHF (pfimH) �
SL3144�fimHF (pfimF) �
SL3144�fimHF (pfimHF) ���
a vc, strain transformed with cloning vector alone.
b ��� and �, restoration or not of fimbriate phenotype, respectively.

FIG 4 Production of FimA by S. Typhimurium SL1344 mutants. Immunoblot
assays were carried out on lysates from wild-type S. Typhimurium SL1344 and
various mutants with antibody raised against SL1344 FimA or bacterial GroEL.
Strains are indicated by numbers above the blots: 1, S. Typhimurium SL1344;
2, SL1344�fimA; 3, SL1344�fimH; 4, SL1344�fimF; 5, SL1344�fimA � pfimA;
6, SL1344fimA::TT::fimA; 7, E. coli � pfimA.
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ble Salmonella type 1 fimbriae, FimA subunits can be detected in
boiled extracts (Fig. 4). To ensure that S. Typhimurium cultures
had been lysed in preparation for the immunoblot assays, all ly-
sates were tested for the presence of the intracellular chaperone
GroEL. This intracellular protein could be detected in all strains
(Fig. 4).

DISCUSSION

Type 1 fimbriae are produced by most strains and species of en-
terobacteria and play a role in facilitating adherence to host cells
and tissues (5, 15, 29). These fimbriae are characterized by their
ability to mediate adherence that is subject to inhibition in vitro by
soluble mannose-containing compounds and are therefore also
commonly referred to as mannose-sensitive fimbriae or pili (10).
The ability to mediate mannose-sensitive binding to target cells is
due to the production of an adhesin protein (FimH) that is dis-
tinct from the major fimbrial subunit (FimA). In enterobacteria,
the gene cluster encoding the products necessary for fimbrial as-
sembly is the fim cluster, and these genes have been cloned and
extensively analyzed in three bacterial species: E. coli, Salmonella
serovars, and Klebsiella pneumoniae (8, 14, 26). In each, the fim
gene cluster is comprised of genes encoding structural compo-
nents of the assembled appendages as well as genes necessary for
the ordered assembly of the fimbriae. The genes and their prod-
ucts in E. coli and K. pneumoniae are closely related, and the fim-
briae of the two species have been shown to be immunologically
cross-reactive (1, 10, 34). However, strains of K. pneumoniae pos-
sess a gene, fimK, that is absent from the E. coli fim gene cluster and
has been proposed to play a role in fim gene regulation (36). The S.
Typhimurium fim gene cluster exhibits a genetic organization,
with respect to genes encoding the structural and assembly com-
ponents, similar to that of E. coli. However, the gene products
exhibit limited amino acid sequence similarity and cannot be
functionally interchanged between the two systems, and assem-
bled type 1 fimbriae of Salmonella are antigenically distinct from
those of E. coli (8, 34). In addition, the E. coli gene cluster possesses
one additional gene that is proposed to encode an adaptor protein
(26, 37). Individual deletions in the E. coli genes encoding the
adaptors (FimF and FimG) as well as the adhesin (FimH) have
been reported to result in changes in the ordered assembly of type
1 fimbriae but retention of fimbrial production as detected by
electron microscopy and the ability of whole bacteria to react with
fimbria-specific antisera (26, 37). This indicates that each of these
proteins is not absolutely required for initiation of fimbrial assem-
bly but may play a role in the numbers and morphology of the
appendages produced. In order to determine whether the struc-
tural components of the S. Typhimurium fimbriae (FimA, FimF,
and FimH) are required for the production of surface-assembled
fimbriae, we constructed deletions in each of the genes encoding
these proteins and determined if the bacteria possess type 1 fim-
briae on their surfaces. In addition, we constructed a FimI mutant
since it has been proposed that the E. coli FimI gene product may
play a role in fimbrial assembly in these bacteria (43).

The absence of any fim gene encoding a major or minor fim-
brial subunit in S. Typhimurium resulted in the inability of bac-
teria to assemble fimbriae on their surfaces. Reintroduction of a
single functional homologous gene into mutants resulted in res-
toration of fimbrial assembly. The nonfimbriate phenotype is pre-
dicted for the FimA mutant since the absence of the major fimbrial
subunit would be expected to result in the inability to form an

appendage that is comprised primarily of this component. This
phenotype has also been reported for FimA mutants of E. coli (20,
26). However, in S. Typhimurium the absence of adaptor (FimF)
and adhesin (FimH) gene products also results in the lack of de-
tectable surface-assembled fimbriae. This is in contrast to obser-
vations in E. coli in which single deletion mutants produced fim-
briae as detected by techniques similar to those used in the studies
described here (30, 37). Although the numbers and morphology
of the fimbriae were altered in the E. coli mutants, it was still
possible to detect type 1 fimbriae on their surfaces, and this was
not the case for the Salmonella mutants. Our results would indi-
cate that initiation of fimbrial assembly in S. Typhimurium re-
quires all three components (FimA, FimF, and FimH) and that
this process does not occur in the absence of any one of these
subunits. Similar results for non-type 1 fimbriae have been re-
ported in other species of enterobacteria (23). The E. coli fim gene
cluster possesses a single additional adaptor protein (FimG) that is
not found in the S. Typhimurium gene cluster. Therefore, it is
possible that the presence of FimG in the absence of either FimF or
FimH is sufficient to assemble type 1 fimbrial filaments. However,
a report of the detection of surface-assembled fimbriae in an E. coli
FimFG double mutant would indicate that these bacteria need
only FimA and FimH to assemble the fimbriae (37). This is not the
case for S. Typhimurium. We have previously shown that fimbrial
components from E. coli and S. Typhimurium cannot comple-
ment each other to facilitate appendage formation (8, 14). Conse-
quently, it appears that the molecular interactions between the E.
coli and S. Typhimurium subunits with their respective chaper-
ones and assembly scaffolding proteins, processes involving donor
strand complementation and donor strand exchange, respec-
tively, have evolved differently in the two species (2, 22, 28, 35).

Of particular interest from our studies was the observation that
a FimA mutant could be complemented to produce functional
fimbriae only with either the entire cloned fim gene cluster or the
presence of a single copy of fimA integrated onto the Salmonella
chromosome. Multiple copies of fimA alone carried on a recom-
binant plasmid did not facilitate fimbrial assembly even though
the gene is being expressed. These results suggest that in S. Typhi-
murium the correct ratio of fim genes and, therefore, most likely,
the stoichiometric ratio of Fim proteins are required for detectable
surface production of type 1 fimbriae. It is possible that an excess
of FimA relative to other components results in saturation of the
periplasmic chaperone such that little FimF/FimC or FimH/FimC
complex is formed. Considering that our data indicate that both
FimF and FimH are necessary for detectable fimbrial production,
this is consistent with the observations reported here.

We also examined whether FimA subunits accumulated in the
Fim mutants even though no fimbriae are produced. Using either
specific antisera raised against purified FimA subunits or serum
raised against purified native fimbriae and whole-cell lysates, it
was not possible to detect significant amounts of FimA in the
mutants. Consequently, even when the fimA gene is transcribed in
FimH or FimF mutants, as detected by RT-PCR, the gene products
are not present. One possibility is that the fimbrial protein is rap-
idly turned over intracellularly, or alternatively, posttranscrip-
tional regulation of the fimA may occur. Further analyses will be
required to differentiate between these two possibilities.

In E. coli, mutations in the fimI gene have been reported to
result in loss of fimbrial production (43). Mutations in the S. Ty-
phimurium fimI gene had no effect on fimbria formation except to
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increase the reactivity of surface-assembled fimbrial antigen with
antiserum. This would suggest that either FimI mutants produce
greater numbers of surface-assembled fimbriae than does the pa-
rental strain or the fimbriae are longer. Electron microscopic ob-
servation of the fimbriae produced by the FimI mutants did not
indicate any significant increase in fimbrial length compared to
SL1344, a result that would suggest that FimI plays little role in the
termination of fimbrial assembly to regulate the length of the ap-
pendage. Increased surface-exposed fimbrial antigen in the FimI
mutant may be due to more efficient production or initiation of
fimbrial biosynthesis, and this may be due to FimI modulating this
stage of the assembly process.

In summary, our studies demonstrate that unlike the E. coli
system, the presence of the major and minor fimbrial subunits of
S. Typhimurium is required for production of detectable amounts
of appendage on the bacterial surface. A second difference be-
tween the two systems appears to be the role of FimI, since mu-
tants lacking the ability to produce this gene product exhibit op-
posite phenotypes in E. coli and S. Typhimurium. However, as for
the other fimbrial proteins, there is little relatedness between the
two FimI gene products, and designation of the S. Typhimurium
gene was originally based upon its location between the genes
encoding the major fimbrial subunit and the chaperone. Finally,
our studies indicate that the ratio of the fim genes encoding the
structural and assembly components of the type 1 fimbriae influ-
ences the fimbrial phenotype, indicating that excessive produc-
tion of FimA in comparison to the other proteins results in inhi-
bition of efficient fimbria production.
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