
INFECTION AND IMMUNITY, May 1996, p. 1862–1865 Vol. 64, No. 5
0019-9567/96/$04.0010
Copyright q 1996, American Society for Microbiology

Contribution of Fimbrial Operons to Attachment to and
Invasion of Epithelial Cell Lines by

Salmonella typhimurium
ANDREAS J. BÄUMLER,* RENÉE M. TSOLIS, AND FRED HEFFRON

Department of Molecular Microbiology and Immunology, Oregon Health Sciences University,
Portland, Oregon 97201-3098

Received 8 November 1995/Returned for modification 22 January 1996/Accepted 12 February 1996

The role of the Salmonella typhimurium fimbrial operons, lpf, fim, and pef, in adhesion to and invasion of
epithelial cell lines was investigated. An S. typhimurium lpfCmutant was unable to adhere to or to invade HEp-2
cells, while an S. typhimurium fim deletion mutant did not attach to or enter HeLa cells. These results suggest
that adhesion is a prerequisite for invasion and that distinct fimbrial adhesins select different target cells for
invasion by S. typhimurium.

Salmonella typhimurium causes diseases in a wide variety of
animals, ranging from enteric fever in mice to gastroenteritis in
humans. At the onset of these infections, S. typhimurium at-
taches to and penetrates the intestinal mucosa of its mamma-
lian host. Interestingly, S. typhimurium preferentially invades
epithelial cells located within ileal Peyer’s patches or at the tip
of villi in the ileum (7, 8, 20, 23, 27). Despite the progress made
on elucidating the mechanisms of invasion (4, 6, 16, 19, 21, 22,
26, 28, 36), it is still not known which factors determine the
epithelial cell lineage invaded by S. typhimurium in the intes-
tine. For instance, why is it that in the follicle-associated epi-
thelium of Peyer’s patches, S. typhimurium invades M cells but
not enterocytes (8, 27)? There is evidence that fimbriae may
actually target S. typhimurium to a particular cell type in the
intestine. For example, fimbriae have been shown to contribute
to the tissue tropism of S. typhimurium for the murine villous
small intestine (2) and murine Peyer’s patches (3). These re-
sults prompted us to investigate the role of fimbrial adhesins in
selecting a target cell type for S. typhimurium invasion.
Previous studies of the role of fimbrial adhesins of S. typhi-

murium in attachment to epithelial cells have used cultures
enriched for fimbriated or nonfimbriated cells (14, 25, 34) or
strains not stably nonfimbriated (13). Considering the lack of
information about factors which influence fimbrial phase vari-
ation in vivo and variability in the fimbriation of cells carrying
intact fimbrial operons, these reports may be difficult to eval-
uate. We therefore used a genetic approach to investigate the
role of the three known S. typhimurium fimbrial operons, fim
(10, 11, 37, 40), lpf (1), and pef (18), which encode type 1
fimbriae, long polar fimbriae, and plasmid-encoded fimbriae,
respectively, in interaction with epithelial cells. Aerobic static
broth cultures of S. typhimurium (adjusted to about 5 3 108

bacteria per ml) were used as inocula for the infection of tissue
culture cells throughout this study since this growth condition
enriches for fimbriated bacteria (12). Cell lines were grown on
24-well plates to about 70% confluency and fixed with glutar-
aldehyde for adhesion assays, as described previously (32), or
used directly for gentamicin protection (invasion) assays, as
described by Lee and coworkers (33). Three wells were in-

fected with 0.05, 0.1, and 0.15 ml of bacterial culture, respec-
tively, to correct for variations in the inoculum. By this method,
we consistently infected one well with an inoculum of about 5
3 107 bacteria. All experiments were repeated at least four
times independently. As an additional control, adhesion exper-
iments were also performed at 48C with live cells to ensure that
glutaraldehyde fixation did not affect the numbers of adherent
bacteria recovered (data not shown). Student’s t test (small-
sample inference concerning the difference between two
means) was used to evaluate the significance of the differences
in adhesion or invasion observed for different strains. The
probability (P) that the difference between two strains was
significant is given below.
The adhesion of S. typhimurium to HEp-2 cells has been

proposed to be mediated by type 1 fimbriae (42). However, to
date, genetically defined S. typhimurium fim mutants have not
been tested for adhesion to HEp-2 cells. Lockman and Curtiss
have described the construction of an S. typhimurium fim de-
letion mutant (35). We found no significant effect (P . 0.1) of
this deletion on the ability of S. typhimurium to adhere to
HEp-2 cells (Fig. 1A). In contrast, a mutation in lpfC, encoding
the putative fimbrial usher of the lpf operon (1), resulted in
10-fold-reduced adhesion of S. typhimurium to HEp-2 cells (P
, 0.005) (Fig. 1A). Adhesion of the S. typhimurium lpfC mu-
tant (AJB1) to HEp-2 cells could be restored by the introduc-
tion of a plasmid (pMS1054) (1) carrying an intact lpfC allele
(Fig. 1A). Furthermore, a mutation in pefC, the gene encoding
the putative usher of plasmid-encoded fimbriae, did not affect
adhesion to HEp-2 cells (data not shown). Similarly, mutations
in lpfC and pefC or deletion of fim had no effect on the adhe-
sion of S. typhimurium to MDCK (P . 0.1; Fig. 1C), T-84, or
Int-407 cells (data not shown). Generally, the percentage of
the S. typhimurium inoculum which was cell associated was
similar to that described by Francis and coworkers for a similar
experimental setup (17). In conclusion, these data show that
the lpf fimbrial operon is necessary for the adhesion of S.
typhimurium to HEp-2 cells.
An S. typhimurium fim deletion mutant (AJB4) adhered to

HeLa cells in numbers sevenfold lower than those of the iso-
genic wild-type strain (AJB3) (P , 0.005; Fig. 1E). Adhesion
of the S. typhimurium fim deletion mutant (AJB4) to HeLa
cells could be restored by the introduction of a plasmid
(pISF101) carrying the entire S. typhimurium fim operon (9).
Furthermore, S. typhimurium strains carrying mutations in lpfC
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(AJB1; Fig. 1E) and pefC (AJB7; data not shown) adhered to
HeLa cells as well as did their isogenic parent (IR715) (38).
These data clearly show that the fim operon is involved in the
adhesion of S. typhimurium to HeLa cells and therefore con-
firm a previous report by Tavendale and coworkers (42). In-
terestingly, we observed that S. typhimurium strains derived
from isolate SR-11 adhered to HeLa cells in numbers higher

than those of strains derived from isolate ATCC 14028 (P ,
0.005). Introduction of the fim operon on a plasmid (pISF101)
increased adhesion to HeLa cells by IR715 to the levels of
SR-11 derivatives (P , 0.005). Mannose-sensitive agglutina-
tion mediated by type 1 fimbriae has been shown to be a
function of both bacterial numbers and the length of time
bacteria and yeast cells are in contact (12). To determine
whether the differences in adhesion between SR-11 and ATCC
14028 are reflected in differences in the expression or adhe-
siveness of type 1 fimbriae, the minimal number of bacteria
able to mediate mannose-sensitive agglutination of yeast cells
after a 2-min incubation was determined (12, 40). IR715, a
derivative of ATCC 14028, showed a fivefold increase in the
bacterial CFU (2 3 107) required to mediate mannose-sensi-
tive yeast agglutination compared with that of the SR-11 de-
rivative AJB3 (4 3 106). In addition, upon introduction of a
plasmid encoding the S. typhimurium fim operon, yeast agglu-
tination of strain IR715 was increased (4 3 105). Yeast agglu-
tination was not observed with the S. typhimurium fim deletion
mutant (AJB4). However, introduction of the S. typhimurium
fim operon on plasmid pISF101 into the S. typhimurium fim
deletion mutant (AJB4) restored yeast agglutination (73 105).
Thus, the abilities of S. typhimurium strains to mediate man-
nose-sensitive yeast agglutination corresponded well to the
observed levels of adhesion to HeLa cells and were therefore
consistent with a role for type 1 fimbriae in adhesion to HeLa
cells. These data further indicated that S. typhimurium ATCC
14028 and SR-11 differ in the adhesiveness or level of expres-
sion of their type 1 fimbriae.
Our data show that distinct fimbrial operons (e.g., lpf and

fim) mediate the adhesion of S. typhimurium to different epi-
thelial cell lines (e.g., HEp-2 and HeLa cells). Obviously, fim-
brial adhesins encoded by lpf and fim bind receptors which are
expressed only on the surfaces of HEp-2 and HeLa cells, re-
spectively. Similarly, in the mammalian intestine, fimbrial ad-
hesins may recognize and bind surface epitopes which are
present only on the apical membranes of their target cell types.
Consequently, bacterial binding would be restricted to a set of
cell populations carrying this surface receptor (Table 1).
Therefore, our results are consistent with a role for fimbrial
adhesins in targeting S. typhimurium to a particular cell lineage
in the intestine. Indeed, in an intestinal-organ culture model,
the pef fimbrial operon mediates attachment to the murine
villous small intestine, whereas selective adhesion of S. typhi-
murium to murine ileal Peyer’s patches is mediated by the lpf
fimbrial operon (2, 3). In summary, these results support the
hypothesis that during colonization of the intestine by S. typhi-
murium, the bacterial repertoire of fimbrial adhesins deter-
mines the epithelial cell types to which bacteria are able to
attach (Table 1).

FIG. 1. Adhesion to (A, C, and E) and invasion of (B, D, and F) HEp-2 (A
and B), MDCK (C and D), and HeLa (E and F) cells by strains of S. typhi-
murium. Data are CFU expressed in mean percentages of the inoculum 6
standard errors. Strain designations and relevant genotypes of strains are indi-
cated below bars. AJB3 and AJB4 are nalidixic acid-resistant derivatives of
strains x4252 and x4253, respectively (35).

TABLE 1. Role of S. typhimurium fimbrial operons in adhesion to epithelial cells

Fimbrial
operon

Adhesion in epithelial cell line or tissue (organism)a

HEp-2 cells
(human)

T-84 cells
(human)

Int-407 cells
(human)

HeLa cells
(human)

MDCK cells
(dog)

Villous
intestine (rat)b

Villous intestine
(mouse)c

Peyer’s patch
(mouse)d

fim 2 2 2 1 2 1 ND ND
lpf 1 2 2 2 2 ND 2 1
pef 2 2 2 2 2 ND 1 2

a ND, no data; 1, mediates adhesion; 2, no role in adhesion.
b Data are from reference 35.
c Data are from reference 2.
d Data are from reference 3.

VOL. 64, 1996 NOTES 1863



It has been proposed previously that in S. typhimurium, ad-
hesion mediated by fimbriae is necessary for invasion of cul-
tured epithelial cell lines (14, 24, 29, 30). However, genetic
evidence for the involvement of a particular fimbrial operon in
invasion is lacking. We therefore tested S. typhimurium strains
carrying mutations in the lpf (AJB1), fim (AJB4), and pef
(AJB7) fimbrial operons for the ability to invade Int-407 (data
not shown), T-84 (data not shown), HEp-2 (Fig. 1B), MDCK
(Fig. 1D), and HeLa (Fig. 1F) cells. As a control, an S. typhi-
murium strain (x3642) carrying a mutation in invA, a gene
necessary for cell invasion, along with the S. typhimurium wild
type, was tested in each experiment (19). All strains tested,
except the noninvasive S. typhimurium invA mutant (x3642) (P
, 0.05), entered Int-407, T-84, and MDCK cells equally well
(Fig. 1D). In contrast, two S. typhimurium strains, the invA
mutant (x3642; P , 0.025) and the lpfC mutant (AJB1; P ,
0.005), showed defects in the invasion of HEp-2 cells (Fig. 1B).
The 50-fold-reduced invasion rate of the lpfC mutant (AJB1)
could be restored to wild-type levels by the introduction of an
intact lpfC allele on a plasmid (pMS1054). These results show
that the lpf operon is necessary for invasion of HEp-2 cells. In
HeLa cells, the S. typhimurium fim deletion mutant (AJB4; P,
0.005) and the S. typhimurium invA mutant (x3642; P , 0.05)
showed defects in invasion, compared with the SR-11 wild-type
strain (AJB3). The 35-fold-decreased invasion rate of the S.
typhimurium fim deletion mutant (AJB4) could be comple-
mented to wild-type (AJB3) levels by introducing the S. typhi-
murium fim operon on a plasmid (pISF101) (Fig. 1F). There-
fore, our results confirm a previous report by Horiuchi and
coworkers, who suggested that type 1 fimbriae of S. typhi-
murium are necessary for the invasion of HeLa cells (24). We
observed that S. typhimurium SR-11 and ATCC 14028 differed
in their invasiveness for HeLa cells (P , 0.05). Introduction of
the S. typhimurium fim operon on a plasmid (pISF101) in-
creased the invasion rates of strain ATCC 14028. Thus, similar
to our results for bacterial adhesion to HeLa cells described
above, differences between S. typhimurium SR-11 and ATCC
14028 in the invasion of HeLa cells may be due to the levels of
expression of their type 1 fimbriae.
A mutation in the invA gene resulted in reduced invasion

rates but did not affect adhesion to any of the five cell lines
tested (P . 0.1) (Fig. 1). Therefore, the S. typhimurium inva-
sion apparatus mediates entry into a variety of cell types but
appears to be unable to discriminate between different cell
lines. On the contrary, a defect in invasion of one particular
cell line was observed only for a mutant in the fimbrial operon
which was necessary for attachment to that cell line. Thus,
fimbriae allow S. typhimurium to distinguish between different
epithelial cell types. In conclusion, our results suggest that the
decision as to whether an epithelial cell line is invaded by S.
typhimurium is made at the level of adhesion. This hypothesis
further implies that adhesion determinants other than the lpf
and fim operons are involved during the entry of S. typhi-
murium into Int-407, T-84, and MDCK cells.
S. typhimurium invades an epithelial cell by a mechanism

which induces the formation of membrane ruffles on the apical
surface of its target cell (17, 21, 27, 41). Several loci involved in
entry into epithelial cells have been identified (16, 19, 21, 22,
26, 31, 33, 39). The majority of these loci map between 58 and
60 min on the S. typhimurium chromosome to a pathogenicity
island (36). The genes located in this region encode the S.
typhimurium invasion apparatus, which appears to be respon-
sible for the induction of membrane ruffling on the host cell
surface. In addition, several genes that are necessary for S.
typhimurium cell invasion but are located outside this patho-
genicity island have been identified. Some of these genes are

involved in lipopolysaccharide biosynthesis or bacterial motil-
ity and appear to affect invasion indirectly (5, 16, 28). Others,
however, may be involved in distinct bacterium-host cell inter-
actions that are specifically required for the invasion pheno-
type. A two-step model has been proposed for the invasion of
epithelial cells; it suggests that S. typhimurium attaches to the
cell surface through as-yet-unidentified molecules and subse-
quently initiates a signal transduction cascade (6, 15). The role
of fimbrial adhesins during invasion may be to mediate this
initial attachment to the host cell surface.
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38. Stojiljkovic, I., A. J. Bäumler, and F. Heffron. 1995. Ethanolamine utilization
in Salmonella typhimurium: nucleotide sequence, protein expression, and
mutational analysis of the cchA cchB eutE eutJ eutG eutH gene cluster. J.
Bacteriol. 177:1357–1366.

39. Stone, B. J., C. M. Garcia, J. L. Badger, T. Hassett, R. I. F. Smith, and V.
Miller. 1992. Identification of novel loci affecting entry of Salmonella enter-
itidis into eukaryotic cells. J. Bacteriol. 174:3945–3952.

40. Swenson, D. L., and S. Clegg. 1992. Identification of ancillary fim genes
affecting fimA expression in Salmonella typhimurium. J. Bacteriol. 174:7697–
7704.

41. Takeuchi, A. 1967. Electron microscope studies of experimental salmonella
infection. I. Penetration into the intestinal epithelium by Salmonella typhi-
murium. Am. J. Pathol. 50:109–136.

42. Tavendale, A., C. K. H. Jardine, D. C. Old, and J. P. Duguid. 1983. Haem-
agglutination and adhesion of Salmonella typhimurium to HEp2 and HeLa
cells. J. Med. Microbiol. 16:371–380.

Editor: A. O’Brien

VOL. 64, 1996 NOTES 1865


