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The binding of human fibronectin and Congo red by an autoaggregative Salmonella enteritidis strain was
found to be dependent on its ability to produce thin, aggregative fimbriae, named SEF 17 (for Salmonella
enteritidis fimbriae with an apparent fimbrin molecular mass of 17 kDa). Two other fimbrial types produced
by S. enteritidis, SEF 14 and SEF 21, were not responsible for the aggregative phenotype or for fibronectin
binding. SEF 17-negative Tnpho4 mutants which retained the ability to produce SEF 14 and SEF 21 were
unable to bind human fibronectin or Congo red and lost the ability to autoaggregate. Only purified SEF 17 but
not purified SEF 14 or SEF 21 bound fibronectin in a solid-phase binding assay. Furthermore, only SEF 17 was
able to inhibit fibronectin binding to S. enferitidis whole cells in a direct competition enzyme-linked
immunosorbent assay. These results indicate that SEF 17 are the fimbriae responsible for binding fibronectin

by this enteropathogen.

One strategy utilized by bacterial pathogens to colonize
host cell surfaces involves bacterial adhesive appendages
called fimbriae which bind glycoprotein or glycolipid recep-
tors on epithelial cells (17, 18, 35). Fimbriae are primarily
composed of polymerized fimbrin protein monomers and in
some cases have been shown to bind eukaryotic cell surfaces
directly or via fimbria-associated adhesin proteins (2, 18, 35).
Considerable interest has also focused on the ability of many
bacterial pathogens to bind glycoproteins of the extracellular
matrix, including fibronectin, laminin, and various collagens,
since these bacterium-host interactions are potentially rele-
vant in pathogenesis (18). Although diverse bacterial surface
components such as LamB maltoporin of Escherichia coli
(37), surface layer (S-layer) of the fish pathogen Aeromonas
salmonicida (10), YOP1 outer membrane protein of Yersinia
spp- (12), and lipoteichoic acid of Streptococcus spp. (8)
have been identified as receptors for certain tissue matrix
glycoproteins, fimbriae figure prominently in their ability to
bind fibronectin (20, 26) as well as type IV or type V collagen
(34, 38).

Fimbriae of nontyphoid Salmonella spp. are apparently
adhesive organelles possibly required for adherence and
colonization of intestinal epithelial cells by these entero-
pathogens in the initial stages of gastroenteritis. Among the
various fimbriae produced by Salmonella spp. (1, 7, 9, 11,
15, 24, 36), only the role of type 1 fimbriae of Salmonella
typhimurium in pathogenesis has been extensively explored.
Although type 1 fimbriated bacteria have been shown to bind
eukaryotic cell lines, freshly isolated enterocytes, and intes-
tinal epithelial tissue, the role of these fimbriae in pathogen-
esis remains controversial (13, 22, 27). The role of other
fimbriae in salmonellosis is unexplored except for recent
evidence which implicates type 3 fimbriae of S. typhimurium
and Salmonella enteritidis in binding of these strains to type
V collagen (34). In addition, SEF 14 fimbriae of S. enteritidis
3b have been proposed as fibronectin receptors (3). How-
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ever, the recent discovery that S. enteritidis 3b also pro-
duces SEF 17 and SEF 21 (type 1 fimbriae) in addition to
SEF 14 (7, 24) raised the possibility that other fimbriae of
this strain may be involved in interactions with basement
membrane proteins.

This article reports the characterization of TnphoA mu-
tants unable to produce SEF 17 and the discovery that these
thin, aggregative fimbriae mediate the binding of S. enterit-
idis to fibronectin and are responsible for a distinctive
aggregative (rough) colonial morphology, autoaggregation,
and the ability to bind Congo red.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Table 1 lists the
various bacterial strains used in this study. S. enteritidis was
routinely grown at 20 or 37°C on T medium (7), Trypticase
soy agar (TSA) (Becton Dickinson Co., Cockeysville, Md.),
Luria agar (LB) (29), or colonization factor agar (CFA) (14)
containing 12 mM Na,HPO, and 5 mM KH,PO,. Where
noted, Congo red (Sigma Chemical Co., St. Louis, Mo.) was
added to the medium at a concentration of 100 pg/ml.

TnphoA mutagenesis. TnphoA mutants of S. enteritidis 3b
were generated by mating the S. enteritidis transductant 3b

* hisG::Tnl0 or a spontaneous rifampin-resistant 3b strain

12

with E. coli SM10 carrying plasmid pRT733 (23). TnphoA
mutants of S. enteritidis were selected on solid CFA medium
containing 5-bromo-4-chloro-3-indolyl phosphate (50 pg/ml)
and kanamycin (50 pg/ml) in addition to tetracycline (20
pg/ml) or rifampin (100 pg/ml) as required. Colonies express-
ing alkaline phosphatase were isolated, grown in static liquid
CFA, and used to prepare glycerol stock cultures.

P22 transductions. Phage stocks prepared after growth of
transducing phage P22 int3 HT 12/4 on various TnphoA
mutants were used to infect 3b cells at multiplicities of
infection ranging from 0.01 to 5. Transductants were se-
lected on LB plates containing kanamycin (30 pg/ml) and
were rendered phage free by passage on Green plates (6).
Transductants were screened for rifampin sensitivity, Congo
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TABLE 1. Bacterial strains®

Strain Phenotype Source or reference
3b S. enteritidis 27655 wild type T. Wadstrém
3b-122 Tn10 insertion mutant of 3b 15
3b-122-34 Tnl0 excision mutant of 122 15
3b Rif Spontaneous Rif* mutant of 3b This study
TnphoA 1-9 TnphoA mutant of 3b, Rif” This study
TnophoA 2-2 TnphoA mutant of 3b, Rif This study
TnphoA 2-7 TnphoA mutant of 3b, Rif This study
TnphoA 3-1 TnphoA mutant of 3b, Rif’ This study
TnphoA 2-2a TnphoA transduced from 2-2 to 3b, Rif* This study
TnphoA 2-2f TnphoA transduced from 2-2 to 3b, Rif* This study
TnphoA 2-7f TnphoA transduced from 2-7 to 3b, Rif® This study
TnphoA 3-1c TnphoA transduced from 3-1 to 3b, Rif® This study
3b-hisG::Tnl0 hisG::Tn10 transduced from S. typhimurium This study

MAT766 to 3b
TnphoA 3 TnphoA mutant of 3b, hisG::Tnl0 This study
TnphoA 7 TnphoA mutant of 3b, hisG::Tnl0 This study
TnphoA 9 TnphoA mutant of 3b, hisG::Tnl0 This study
E. coli SM10 pRT733 23

¢ Rif*, rifampin resistant; Rif®, rifampin sensitive.

red binding, and the production of the fimbriae SEF 14, SEF
17, and SEF 21 by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and Western blotting (im-
munoblotting).

Electrophoresis. SDS-PAGE was performed by the
method of Laemmli (21). Purified, aggregative SEF 17 fim-
briae were pretreated with 90% formic acid prior to electro-
phoresis as previously described (7). Lipopolysaccharide
(LPS) was analyzed by SDS-PAGE following digestion of
bacterial cells suspended in SDS-PAGE sample buffer with
0.5 mg of proteinase K (Boehringer Mannheim, Laval,
Canada) per ml.

Western blot analysis. Whole-cell lysates of S. enteritidis
were routinely screened by Western blot analysis for the
presence of the three fimbrial types. SEF 14 and SEF 21
fimbriae were solubilized from whole cells of S. enteritidis
by digestion in SDS-PAGE sample buffer supplemented with
0.2 M glycine, pH 2 (100°C, 10 min). This cell extract was
clarified by centrifugation (14,300 X g, 5 min, 25°C) and used
directly for SDS-PAGE analysis. The insoluble, glycine-
extracted cell material containing SEF 17 was washed twice
with distilled water and then briefly exposed to 90% formic
acid and lyophilized. The lyophilized, formic acid-digested
material was resuspended in SDS-PAGE sample buffer just
prior to electrophoresis. Samples separated by SDS-PAGE
were electrophoretically transferred to nitrocellulose and
screened with rabbit immune serum to SEF 14, SEF 21, and
SEF 17 prepared as previously described (7, 24). Visualiza-
tion of immunoreactive proteins on Western blots was
accomplished by the use of goat anti-rabbit immunoglobulin
G (IgG)-alkaline phosphatase conjugates (Caltag Laborato-
ries, San Francisco, Calif.); proteins were detected by dye
precipitation using the substrate 5-bromo-4-chloro-3-indolyl
phosphate with nitroblue tetrazolium as an enhancer (7).
Alternatively, proteins that were immunoreactive with the
first antibody were incubated with biotinylated goat anti-
rabbit IgG followed by streptavidin-horseradish peroxidase
conjugate (Caltag Laboratories) and detected by chemilumi-
nescence with a reagent composed of luminol, 4-iodophenol,
and H,0,. Rabbit immune serum to bacterial alkaline phos-
phatase was kindly provided by F. Nano of the Department
of Biochemistry and Microbiology at the University of
Victoria.

DNA amplification. DNA destined for polymerase chain
reaction (PCR) analysis was obtained from approximately 20
mg (wet weight) of S. enteritidis cells boiled in 1.0 ml of
distilled H,O for 5 min. The DNA-containing supernatant
was cleared of cell debris by centrifugation (14,300 x g, 5
min, 25°C). The custom primers used to amplify the DNA
were obtained from the Regional DNA Synthesis Laboratory
(University of Calgary). One primer was a mixed biased
17-bp oligomer (GT[T/A/C]GT[T/A/C]CC[T/A/C]CA[A/G]T
GGGG) designed from the N-terminal AgfA sequence (7)
(see Fig. 3B). The PCR primer for the opposite strand was an
18-bp oligomer (AAAACGGGAAAGGTTCCG) derived from
the IS50; junction fragment in TnphoA-generated alkaline
phosphatase gene fusions (23) (see Fig. 3B). PCR amplifica-
tion was performed with 10-pl samples sealed in glass
capillary tubes by using an air-driven thermocycler (Idaho
Technology, Boise, Idaho) for 30 cycles of denaturation
(95°C, 5 s), annealing (49°C, 5 s), and elongation (74°C, 1
min). The amplified DNA products were separated by elec-
trophoresis on 5% polyacrylamide gels in Tris-acetate-
EDTA buffer, and the DNA products were visualized by UV
illumination following ethidium bromide staining of the gel
(30).

Tissue matrix protein binding assays. Bacteria were har-
vested and resuspended in buffer to an optical density at 540
nm of 1.0. An aliquot of cells (100 p.l) was placed in a tube to
which approximately 20,000 cpm of %°I-labelled tissue ma-
trix protein (collagen I, II, or IV; laminin; vitronectin; or
fibronectin) was added. After incubation, the cells were
removed by centrifugation and the supernatant was trans-
ferred to a fresh tube. The cell pellet was washed twice with
1.0 ml of phosphate-buffered saline, and the pellet-associ-
ated '*I-labelled tissue matrix protein was quantified. The
level of binding was determined by calculating the amount of
cell-associated **I as a percentage of the total ***I-labelled
protein added to the vial.

Solid-phase binding assay. Bacteria grown on T medium at
37°C for 24 h were harvested into Tris-buffered saline (TBS)
(10 mM Tris, 0.9% NaCl, pH 7.5) and then gently homoge-
nized in a Teflon-glass tissue grinder to obtain a uniform
suspension. The cell suspension was adjusted to an optical
density at 650 nm of 0.4. Purified SEF 17 fimbriae were
resuspended in TBS at a concentration of 10 pg/ml. A 100-pl
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FIG. 1. Phenotypic characterization of S. enteritidis 3b (Agf*) and SEF 17-deficient TnphoA (Agf~) mutants. (A) S. enteritidis
resuspended from solid T medium in a drop of 10 mM Tris-HCI, pH 8.0. Top, S. enteritidis 3b (Agf*); bottom, TnphoA 2-2a (Agf™). (B) S.
enteritidis colonies grown on Congo red medium. S. enteritidis 3b (Agf*) grows as dark (red) colonies, and TnphoA 2-2a (Agf~) grows as light
(pink) colonies. (C) Western blot of SDS-PAGE sample buffer-glycine extracts of whole cells (lanes 1, 3, and 5) or of SDS-PAGE sample
buffer-glycine-insoluble material from whole cells treated with formic acid (lanes 2, 4, and 6). An anti-SEF 14, anti-SEF 21, and anti-SEF 17
immune serum mixture was used as the first antibody followed by goat anti-rabbit IgG-alkaline phosphatase conjugate as described in
Materials and Methods. Lanes: 1 and 2, S. enteritidis 3b (Agf* Sef* Fim*); 3 and 4, 3b-122 (Agf* Sef~ Fim*); 5 and 6, TnphoA 2-2a (Agf~
Sef* Fim*); 7, a mixture of purified SEF 14, SEF 17, and SEF 21. (D) SDS-PAGE of proteinase K-digested S. enteritidis stained with silver
to visualize LPS. Lanes: 1, S. enteritidis 3b (Agf*); 2, TnphoA 2-2a (Agf~); 3, TnphoA 7 (Agf™); 4, TnphoA 9 (Agf™).

volume of resuspended cells, purified fimbriae, or TBS alone
(negative control) was added to wells of a 96-well enzyme-
linked immunosorbent assay (ELISA) plate (Costar, Cam-
bridge, Mass.). After an overnight incubation at 4°C, the
wells were rinsed with 250 pl of TBS supplemented with
0.2% (wt/vol) bovine serum albumin (TBS-BSA) and then
blocked for 2 h at room temperature with 200 pl of TBS
containing 2% BSA. After the blocking step, the wells were
washed with 250 w1 of TBS-BSA three times. Each well then
received 100 pl of human fibronectin (Sigma Chemical Co.).
The concentration of fibronectin was varied from 0 to 100
ng/ml in order to generate binding isotherms. After incuba-
tion of the plate at room temperature for 2 h, the wells were
washed five times with TBS-BSA. Then 100 pl of rabbit
anti-fibronectin IgG (E-Y Laboratories, San Mateo, Calif.)
diluted to 1 in 2,000 with TBS-BSA was added to every well.
The plates were incubated for an additional 2 h at room
temperature and washed five times. Then 100 pl of goat
anti-rabbit IgG conjugated to horseradish peroxidase (Bio-
Rad, Mississauga, Ontario, Canada) diluted 1,000-fold in
TBS-BSA was added to each well. After 2 h, the wells were
washed five times and 100 ul of a substrate solution consist-
ing of 10 mM citric acid, pH 4.2; 0.03% H,0,; and 1 mM
2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) was
added to each well. The 4,45 of each well was determined
after 30 min of incubation at room temperature. Values were
corrected for nonspecific binding of fibronectin to the wells,
which accounted for less than 10% of the test value.
Fimbria-mediated inhibition of fibronectin binding to cells.
To test the abilities of purified SEF 14, SEF 17, and SEF 21
to inhibit the binding of fibronectin to S. enteritidis cells, a
direct competition assay between these three purified fim-
brial preparations and fibronectin was used. An equal vol-
ume of fibronectin was added to an equal volume of various

concentrations of a given fimbrial preparation for a final
fibronectin concentration of 100 pg/ml. These fibronectin-
fimbria solutions were then used in place of fibronectin in the
solid-phase binding assay. Fibronectin bound to whole cells
on ELISA plates was then assayed as described above.

RESULTS

Description of Tnpho4 mutants unable to produce SEF 17.
S. enteritidis strains defective in the production of exported
proteins were generated by TnphoA mutagenesis (23). Rou-
tine screening of several of the TnphoA mutants revealed
several isolates whose colonial morphologies deviated sig-
nificantly from that of wild-type S. enteritidis 3b. Typically,
S. enteritidis 3b grown on T medium forms aggregative,
rough colonies which adhere to the agar and maintain their
shape even when dislodged and pushed along the agar
surface. The bacteria from such colonies are extremely
autoaggregative and difficult to resuspend in liquid. Con-
versely, several of the mutants lacked this aggregative
colonial morphology, forming instead mucoid colonies
which resuspended readily in liquid (Fig. 1A and Table 2).
Wild-type S. enteritidis 3b colonies grown on T medium
containing Congo red bound this hydrophobic dye, whereas
the nonaggregative mutants did not (Fig. 1B). S. enteritidis
3b grown in static CFA broth for 48 to 72 h normally
produced a surface pellicle, whereas the 25 nonaggregative
mutants tested did not (Table 2).

Electron microscopic observation of negatively stained,
nonaggregative mutants of S. enteritidis isolated from T
medium indicated that they did not produce characteristic
SEF 17 fimbriae associated normally with wild-type 3b cells
(data not shown). Moreover, Western blot analysis con-
firmed that these mutants did not produce AgfA, the fimbrin



VoL. 175, 1993

S. ENTERITIDIS FIMBRIAE BIND FIBRONECTIN 15

TABLE 2. Representative phenotypes of TnphoA mutants of S. enteritidis 3b

Fimbrin produced®

Strain Morphology”® CR binding® Pellicle® Aggregation? SEF 14 SEF 17 SEF 21 LPS/
(SefA) (AgfA) (FimA)

3b Ag + + + + + + +
3b-122 Ag + + + - + + +
3b-122-34 Ag + + + - + + +
3b Rif* Ag + + + + + + +
TnphoA 1-9 Ag + + + + + + +
TnphoA 2-2 NAg - - - + - + +
TnphoA 2-7 NAg - - - + - + +
TnphoA 3-1 NAg - - - + - + +
TnphoA 2-2a NAg - - - + + +
TnphoA 2-2f Ag + + + + + + +
TnphoA 2-7f NAg - - - + - + +
TnphoA 3-1c NAg - - - + - + +
3b-hisG::Tnl0 Ag + + + + + + +/-%8
TnphoA 3 NAg - - - + - + _
TnphoA 7 NAg - - - + - + -
TnphoA 9 Ag + + + + + + -

¢ Colonial morphology of colonies on T medium. Ag, aggregative (rough); NAg, nonaggregative (mucoid).

® Congo red (CR) binding by colonies grown on T medium. +, red colony; —, pale pink colony.

< Pellicle production after 48 to 72 h of growth on liquid static medium. +, solid pellicle; —, no pellicle.

4 Observed aggregation of cells resuspended from T medium into buffer. +, cells remain in clumps and settle quickly; —, cells do not clump or settle quickly.
¢ The presence of the fimbrin subunits SefA, FimA, and AgfA from SEF 14, SEF 21, and SEF 17, respectively, were determined by Western blot analysis of

whole cells as described in Materials and Methods.

/ The presence of LPS O chain was determined by SDS-PAGE analysis of proteinase K-digested whole cells as described in Materials and Methods.
& LPS O-chain-positive and LPS O-chain-negative transductants present in culture.

subunits (or unprocessed prefimbrin) to SEF 17 (Fig. 1C and
Table 2), although they still produced SefA and FimA
fimbrins of SEF 14 and SEF 21, respectively, when grown in
CFA broth (Fig. 1C and Table 2) or CFA agar. Like
wild-type S. enteritidis 3b, these SEF 17-deficient mutants
produced little or no SEF 14 and SEF 21 when grown on
solid TSA or T medium. These results implicated SEF 17 as
being responsible for the aggregative nature of S. enteritidis
3b. Alterations in O-chain LPS did not cause the aggregative
phenotype since mutants which lacked normal amounts of
O-chain LPS retained the distinctive aggregative colonial
morphology unless they also lacked the ability to produce
SEF 17 (Table 2). Of 60 independent TnphoA mutant strains
surveyed, only those strains which lacked the ability to
produce SEF 17 also exhibited the mucoid morphology, a
nonaggregative phenotype, and an inability to bind Congo
red (Table 2).

Characterization of TnphoA mutants. The S. enteritidis
TnphoA mutants that were unable to produce the AgfA
fimbrin of SEF 17 were further analyzed to determine
whether any of the AgfA™ phenotypes arose from insertional
inactivation of agf4. Western blot analysis indicated that the
TnphoA mutants analyzed comprised three groups. Two
mutants, TnphoA 2-2a and TnphoA 2-7f, carry TnphoA
within agfA4 since both produced fusion proteins, of approx-
imately 55 to 70 kDa, which reacted with immune sera raised
to either bacterial alkaline phosphatase or SEF 17 (Fig. 2).
The second group included TnphoA 3-1c and TnphoA 7,
which produced fusion proteins reactive only with immune
serum to bacterial alkaline phosphatase, suggesting that if
TnphoA was inserted in agfA4, the fusion protein did not
carry an epitope recognized by the immune serum to SEF
17. Alternatively, the transposon may have been inserted in
an unidentified gene required for SEF 17 fimbriation (Fig. 2).
Finally, TnphoA 3 apparently did not produce an alkaline
phosphatase fusion protein (Fig. 2).

To confirm that TnphoA 2-2a and TnphoA 2-7f were agfA

insertional mutants, PCR amplification of the agf4 gene
sequence postulated to reside upstream of TnphoA in both
mutants was attempted with a biased mixed probe designed
from the N-terminal amino acid sequence of AgfA (7) and a
primer derived from the IS50; sequence of TnphoA located
at the junction of TnphoA-generated alkaline phosphatase
gene fusions (23) (Fig. 3B). As predicted, PCR amplification
of TnphoA mutant DNA resulted in the production of major
DNA fragments of approximately 230 and 390 bp for TnphoA
2-2a and TnphoA 2-7f, respectively (Fig. 3A, lanes 4 and 5).
In addition, PCR amplification of DNA from TnphoA 3 DNA
resulted in the amplification of a DNA fragment slightly
smaller than that for TnphoA 2-2a (Fig. 3A, lane 7). These
data suggest that TnphoA 3 also harbors Tnphod within
agfA but that the fusion is out of frame, resulting in a lack of
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FIG. 2. Western blot analysis of alkaline phosphatase fusion
proteins produced by S. enteritidis TnphoA mutants. SDS-PAGE
sample buffer-glycine-extracted S. enteritidis cells subjected to
Western blot analysis were incubated with immune serum to alka-
line phosphatase (upper panel) or to immune serum to SEF 17 (lower
panel). The Western blots were incubated with goat anti-rabbit
IgG-biotin followed by streptavidin-horseradish peroxidase and
developed with chemiluminescent reagents as described in Materials
and Methods. Lanes: 1, S. enteritidis 3b; 2, TnphoA 2-2a; 3, TnphoA
2-7f; 4, TnphoA 3-1c; 5, TnphoA 3; 6, TnphoA 7; 7, E. coli alkaline
phosphatase. Molecular masses of prestained protein standards
(Bethesda Research Laboratories, Gaithersburg, Md.) are noted on
the left.
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FIG. 3. (A) PCR amplification of DNA fragments from S. enter-
itidis 3b TnphoA mutants harboring TnphoA within agf4. Lanes: 1,
DNA size markers generated by Mspl-digested pBR322; 2, no
cellular DNA (PCR control); 3, S. enteritidis 3b; 4, TnphoA 2-2a; 5,
TnphoA 2-7f; 6, TnphoA 3-1c; 7, TnphoA 3; 8, TnphoA 7; 9, TnphoA
2-2f. The sequences of the two PCR primers used are indicated in
panel B. (B) Schematic representation of the region of S. enteritidis
3b TnphoA 2-7f DNA containing the fusion of the agf4 gene with
TnphoA. The agfA gene (approximately 0.48 kb, stippled box)
which encodes the fimbrin for SEF 17 is interrupted by TnphoA
(7.65 kb, hatched box). The primer sequences which were used to
generate the PCR products are indicated.

detectable anti-alkaline phosphatase immunoreactive bands
(Fig. 2). The other mutants, TnphoA 3-1c and TnphoA 7, did
not possess amplifiable DNA fragments under the conditions
used (Fig. 3A). Further characterization of these two mu-
tants is in progress to determine the location of the TnphoA
insertion.

The DNA sequence of the cloned 390-bp PCR fragment
amplified from TnphoA 2-7f was determined (sequence to be
published elsewhere) and confirmed that the AgfA™ pheno-
type of TnphoA 2-7f resulted from insertional inactivation of
agfA (Fig. 3B) since the first 12 codons of this DNA fragment
were found to encode amino acids whose sequence corre-
sponded to N-terminal amino acid residues 2 to 13 of AgfA
.

Affinity of various tissue matrix proteins for S. enferitidis.
125].1abelled laminin and type I, II, and IV collagens, but not
vitronectin, bound to whole S. enteritidis cells to the same
extent whether the bacterial cells were grown on TSA at 20
or 37°C (data not shown). Since S. enteritidis produces SEF
17 but little SEF 14 or SEF 21 when grown on TSA as judged
by Western blot analysis, it appeared unlikely that these
latter two fimbriae were responsible for binding these matrix
proteins to the cell surface. Moreover, S. enteritidis cannot
produce SEF 14 when grown below 30°C (24, 36), thereby
ruling out the notion that these appendages might serve as
the sole fibronectin receptor (3). This result was confirmed
with a Tnl0 insertional mutant of S. enteritidis 3b, strain
3b-122 (15) (data not shown), which produced SEF 17 and
SEF 21 but not SEF 14 (Fig. 1C).

Binding of fibronectin by S. enteritidis SEF 17. S. enteritidis
3b and several derivative strains were grown on T medium to
favor SEF 17 production and were examined for the ability
to bind fibronectin. Parental S. enteritidis 3b strains that
produced SEF 17 also bound fibronectin, whereas SEF
17-negative TnphoA mutants did not bind fibronectin (Table

J. BACTERIOL.

TABLE 3. Constants for fibronectin binding to Tnpho4 mutants
of S. enteritidis and purified fimbriae

Strain or Fimbriae produced Fibronectin
purified binding
fimbria SEF 14 SEF 17 SEF 21 constant?

Strain
3b + + + 21+0.5
3b-hisG::Tnl0 + + + 28 %03
TnphoA 7 + - + ND
3b-122 - + + 29+08
TnphoA 2-2a + - + ND
TnphoA 2-2f + + + 33x0.6
TnphoA 2-7f + - + ND
TnphoA 3-1c + - + ND

Fimbriae
SEF 17 7.4 05
SEF 14 ND
SEF 21 ND

% Values reported are (K; x 1075 M) = (SD x 1075 M), where SD is
standard deviation. ND, binding not detected.

3). When highly purified SEF 14, SEF 17, and SEF 21 were
tested for the ability to bind fibronectin, only SEF 17 bound
this tissue matrix protein (Table 3). In addition, purified SEF
17, but not purified SEF 14 or SEF 21, was able to inhibit the
binding of fibronectin to whole S. enteritidis cells in a direct
competition ELISA (Fig. 4).

DISCUSSION

The results of this study clearly establish a role for SEF 17
fimbriae of S. enteritidis as fibronectin receptors. This con-
firms previous studies which established the ability of S.
enteritidis 3b to bind fibronectin but negates the suggestion
that SEF 14 fimbriac mediate fibronectin binding by S.
enteritidis 3b (3). The SEF 14-deficient mutant, S. enteritidis
3b-122, bound fibronectin as efficiently as wild-type 3b, and
purified SEF 14 failed to bind fibronectin or to inhibit
fibronectin binding by S. enteritidis 3b. Moreover, Baloda
(3) found that S. enteritidis 3b bound fibronectin after growth

Absorbance at 405 nm

o1 R 1 10 100

Amount added fimbriae (ug/ml)

FIG. 4. Inhibition of fibronectin binding to S. enteritidis 3b cells
by purified fimbriae. A direct competition assay was performed as
described in Materials and Methods to test the abilities of highly
purified SEF 14 (O), SEF 21 (A), and SEF 17 (@) to inhibit
fibronectin binding to S. enteritidis 3b cells.
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at 37, 33, and 20°C, but this last temperature is nonpermis-
sive for the expression of SEF 14 (24, 36), suggesting that
some other cell surface component was likely responsible for
the binding of fibronectin by this strain. The fibronectin
binding constant for purified SEF 17 (74 pM) is of the same
order of magnitude as that determined for whole cells
expressing SEF 17 (21 to 33 pM). This supports the conten-
tion that the observed binding of fibronectin by S. enteritidis
in this study is mediated by SEF 17. Biphasic binding
kinetics were not observed, indicating that S. enteritidis 3b
grown under the conditions used in this study (solid T
medium at 37°C) likely possessed only a single class of
fibronectin binding molecules. The binding affinity, in the
micromolar range, of SEF 17 for fibronectin indicates a
lower affinity than found for other bacteria, normally deter-
mined to be in the nanomolar range (10, 16).

In addition to binding fibronectin, whole S. enteritidis cells
were observed to bind laminin and type I, II, and IV
collagens. Apart from binding type II collagen (3), S. enter-
itidis has not previously been shown to bind these basement
membrane components. S. enteritidis and S. typhimurium
also bind collagen V via type 3 fimbriae (34). Thus, it appears
that the fimbrial adhesins of S. enteritidis confer the ability
to bind to a variety of basement membrane fibrillar proteins.

SEF 17 fimbriae, like the related aggregative GVVPQ
fimbriae of E. coli (7a), promote the binding of the hydro-
phobic dye Congo red by bacteria that produce the fimbriae.
Thus, Congo red binding provides a simple and rapid test for
screening Salmonella and E. coli strains which harbor SEF
17 or related fimbriae. In addition, this phenotype may be
indicative of virulence since Congo red binding by other
important human and animal pathogens, including Yersinia,
Escherichia, Shigella, Vibrio, Neisseria, and Aeromonas
species, has been correlated with virulence (4, 19, 28, 32),
although the virulence mechanism revealed by this test is as
yet unknown.

SEF 17 fimbriae clearly account for the extreme autoag-
gregative nature of S. enteritidis 3b. Autoaggregation of
Salmonella species and rough colonial morphology have
often been attributed to alterations in LPS, but SEF 17 is
also responsible for this phenotype, even in the absence of
LPS O-antigen polysaccharide. The autoaggregation and
distinctive colonial morphology of S. enteritidis 3b are not
due to LPS modification or to the expression of SEF 14 or
SEF 21. SEF 17-deficient TnphoA mutants which retain the
ability to produce SEF 14 and SEF 21 did not aggregate or
produce heavy pellicles under the static culture conditions
used. Moreover, SEF 14-deficient S. enteritidis 3b-122 was
still autoaggregative. Type 1 fimbriae of Salmonella spp. and
other enteric bacteria also promote pellicle production when
cells are grown in static broth (25, 33), but our data indicate
that these type 1 fimbriae are not the only appendages which
promote pellicle production. In addition, repeated subcultur-
ing of bacterial pathogens often results in the loss of fimbria
production and the associated aggregative phenotype (5).
This phenomenon may also account for the fact that many S.
enteritidis strains appear to be SEF 17 deficient upon initial
screening (6a).

The results of this study show that SEF 17 fimbriae are
multifunctional organelles which can be envisioned to en-
hance the survival of S. enteritidis in the intestinal milieu and
facilitate the initial association of these enteropathogens
with the intestinal epithelium. SEF 17-mediated aggregation
may be important if autoaggregation enhances the survival of
the bacteria as they encounter stomach acids, surfactants,
and other biocides present in the digestive tract (31). More-
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over, clumps of bacteria may ensure a sufficient and viable
inoculum capable of evading phagocytosis or other host
defenses. It has been hypothesized that bacterial interac-
tions with proteins of the basement membrane may provide
S. enteritidis and other enteropathogens with a mechanism
for colonizing the intestinal epithelium, especially if the
tissue has been damaged to expose basement membrane
components (16, 22). SEF 17 fimbriae may play such a role
by using exposed fibronectin for securing bacterial attach-
ment. The ability of S. enteritidis to bind several basement
membrane proteins suggests the presence of additional at-
tachment mechanisms which may also contribute to the
colonization of intestinal epithelium by this enteropathogen.
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