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Type 1 Fimbriae of Salmonella enteritidis
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Salmonella enteritidis was previously shown to produce fimbriae composed of 14,000-molecular-weight (Mr)
fimbrin monomers (J. Feutrier, W. W. Kay, and T. J. Trust, J. Bacteriol. 168:221-227, 1986). Another
distinct fimbrial structure, comprising 21,000-Mr fimbrin monomers, has now been identified. These fimbriae
are simply designated as SEF 14 and SEF 21, respectively (for S. enteritidis fimbriae and the Mr [in thousands]
of the fimbrin monomer). A simple method for the purification of both structures was developed by using the
different biochemical properties of these fimbriae. SEF 21 remained intact after being boiled in sodium dodecyl
sulfate but readily dissociated into subunits of 21,000 Mr at pH 2.2. The overall amino acid composition and
the N-terminal amino acid sequence of the SEF 21 fimbrin were distinct from those of SEF 14 but were virtually
identical to the predicted sequence for type 1 fimbrin of Salmonella typhimurium. Immunoelectron microscopy
of S. enteritidis clearly revealed fimbrial structures that reacted with immune serum specific to the 21,000-Mr
fimbrin. Immune sera raised against this subunit were cross-reactive with type 1 fimbrins found in whole-cell
lysates of S. typhimurium, Salmonella illinois, and SalmoneUla cubana. However, there was no cross-reaction
with Escherichia coli type 1 fimbriae or with other fimbrins produced by S. enteritidis. Under certain growth
conditions, S. enteritidis produced both SEF 14 and SEF 21. However, when S. enteritidis was grown at 30°C
or lower, only the 21,000-Mr SEF 21 fimbrin could be detected. There was a direct correlation between
mannose-sensitive hemagglutination and the presence of SEF 21.

Pathogenic bacteria have a variety of virulence-associated
surface structures: lipopolysaccharide, capsules, surface
layers, flagella, and fimbriae (3, 6, 19). Fimbriae (or pili) are
proteinaceous, fibrillar, surface appendages, each composed
of about 103 helically arranged protein monomers (fimbrin),
common to many bacteria, including several members of the
family Enterobacteriaceae (4, 7, 8, 13, 38). Fimbriae are
considered important, as they frequently have been shown
to mediate adhesion to host tissues (12, 16, 25, 29, 39, 42, 46,
47, 51) and, in a few well-studied cases, to facilitate adhesion
and colonization in the early stages of an infection (1, 22, 25,
42, 51). Although in some cases a correlation between the
presence of fimbriae and bacterial virulence exists (24, 32,
42), in others the precise role of fimbriae in pathogenesis is
uncertain, since little difference in virulence is seen between
fimbriated and nonfimbriated mutants (2, 14). Fimbriae are
also immunogenic and have therefore been used as success-
ful vaccines in animals and are important targets for diag-
nostic tests.

Fimbriae of the Enterobacteriaceae are broadly divided
into two major classes, mannose sensitive (MS) and man-
nose resistant, on the basis of the ability of the monosaccha-
ride mannose to inhibit the adhesion of fimbriae to erythro-
cytes (hemagglutination) (38, 44). Type 1 fimbriae are about
7 nm in diameter, display a channelled appearance due to the
arrangement of subunits around a hollow core, and mediate
MS hemagglutination (38). They have been studied exten-
sively in Escherichia coli (23, 24) but are also found in the
invasive enteropathogen Salmonella typhimurium (8, 26,
41).
The incidence of nontyphoid salmonellosis in humans has

been rising steadily in recent years (9, 43), and poultry-
related infections due to Salmonella enteritidis are steadily
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increasing in North America. This organism has now be-
come the predominant clinical isolate in the United Kingdom
(10). The careful characterization of fimbrial structures, their
requisite genes, and their distribution among the salmonellae
are of obvious importance to the understanding of pathogen-
esis, to the development of genus- and species-specific
diagnostic reagents, and perhaps to the design of oral vac-
cines for poultry and humans.
One virulent human isolate, S. enteritidis 27655 (17),

displays MS hemagglutination and was shown to produce
abundant fimbriae morphologically resembling type 1 (17).
Purification and characterization of fimbriae from this strain
indicated that, apart from limited N-terminal amino acid
sequence homology, they differed significantly from other
reported type 1 fimbriae of enteric bacteria (17), and hereaf-
ter we refer to these fimbriae as SEF 14. In the initial
absence of evidence of other fimbriae in this strain, it was
tentatively assumed that SEF 14 was responsible for the MS
hemagglutination phenotype. Upon further investigation, we
detected the presence of a second fimbria with definite type
1 morphology, hereafter referred to as SEF 21. In this
communication, we report the first purification and charac-
terization of MS type 1 fimbriae produced by S. enteritidis
27655 and show them to be morphologically and biochemi-
cally distinct from the previously described SEF 14 (17) as
well as from the newly discovered SEF 17 (9a).

MATERIALS AND METHODS

Bacterial strains. S. enteritidis 27655, previously referred
to as S. enteritidis 27655-3b (17) or S. enteritidis 3b (17, 36),
was obtained from T. Wadstrom, University of Lund, Lund,
Sweden. S. enteritidis 2-15, a TnphoA Rif' derivative of S.
enteritidis 27655 defective in SEF 21 synthesis, was isolated
by mating E. coli SM10(pRT733-TnphoA) with a spontane-
ous Rif' S. enteritidis isolate designated 3b-1 and selected as
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a blue colony on Luria broth agar containing kanamycin (50
pLg/ml), rifampin (100 ,ug/ml), and 5-bromo-4-chloro-3-indolyl
phosphate (167 ,ug/ml). SEF 21-negative clones were de-
tected by Western blotting (immunoblotting) with immune
serum against the SEF 21 fimbrin. Construction of the E. coli
cos 48 recombinant expressing SEF 14 fimbrin was previ-
ously described (18). Other reference strains were E. coli
A122, Salmonella cubana S211, Salmonella illinois S1093,
and S. typhimurium ENB7, which also produce type 1
fimbriae. They were obtained from the collection of T. J.
Trust. The bacteria were grown statically in liquid coloniza-
tion factor antigen (CFA) medium (16) supplemented with 5
mM KH2PO4 and 12 mM Na2HPO4 or in Luria broth.

Purification of SEF 14 and SEF 21 fimbriae. S. enteritidis
was grown statically in 2 liters ofCFA medium at 37°C for 60
h, harvested by centrifugation, and suspended in 120 ml of
0.15 M ethanolamine buffer, pH 10.5 (17). Fimbriae were
separated from the cells at room temperature by shearing
them in a blender (model 909; Biospec Products, Bartles-
ville, Okla.) for three 1-min periods, after which cells and
cellular debris were removed by centrifugation (12,000 x g,
15 min, 4°C). The supernatant (fraction 1) was centrifuged
(100,000 x g, 1 h, 40C) to remove membrane vesicles. This
clarified supernatant (fraction 2) was dialyzed overnight
against 10 mM Tris HCl (pH 7.5) containing 0.2% sodium
dodecyl sulfate (SDS) to precipitate SEF 14. SEF 14 was
pelleted by centrifugation (15,000 x g, 15 min, 4°C) to
separate it from SEF 21, which remained in the supernatant
(fraction 3). This fraction (120 ml) was concentrated to
approximately 40 ml by dialysis against solid polyethylene
glycol 20,000 followed by precipitation of SEF 21 with 160
ml of ice-cold acetone. The precipitated SEF 21 was recov-
ered by centrifugation (15,000 x g, 20 min, 4°C). The pellet
(fraction 4) was suspended in 4 ml of Laemmli sample buffer
(glycerol, 10% [wt/vol]; 2-mercaptoethanol, 5% [vol/vol];
and SDS, 2% [wt/vol] in 0.125 M Tris HCl [pH 6.8] [27]) and
boiled for 5 min to solubilize contaminants. The insoluble
fimbriae, SEF 21, were then recovered by centrifugation
(250,000 x g, 2 h, 4°C), boiled once more with sample buffer,
and centrifuged again to yield pure SEF 21.
SDS-PAGE. SDS-polyacrylamide gel electrophoresis

(PAGE) was conducted with a mini-slab gel apparatus
(Hoeffer Scientific Instruments, San Franciscq, Calif.) by the
method of Laemmli (27). Whole cells or protein fractions
were solubilized in SDS sample buffer, stacked in 4.5%
polyacrylamide (100 V), and separated in 12.5% polyacryl-
amide (200 V). Samples containing SEF 21 to be analyzed by
SDS-PAGE required treatment at 100°C for 5 min in SDS-
PAGE sample buffer containing 0.2 M glycine (pH 2.2) before
electrophoresis. Proteins were stained with Coomassie bril-
liant blue R-250.

Preparation of immune sera. A rabbit was initially immu-
nized with SDS-PAGE-purified fimbrin from SEF 14 but was
boosted with a native fimbrial preparation of SEF 14 that
also contained SEF 21. This resulted in an immune serum
(S1) containing antibodies against both fimbriae. Subsequent
immune sera were generated to SEF 14 or SEF 21 prepara-
tions purified by SDS-PAGE, after which the fimbrin protein
was electrophoretically transferred to nitrocellulose by using
an LKB Multiphore II electrophoresis unit (LKB-Pharma-
cia, Broma, Sweden) at 0.8 mA/cm2 for 90 min. Membrane-
bound proteins were stained with amido black, and then the
14,000- or 21,000-Mr bands were excised, shredded, and
emulsified in phosphate-buffered saline (PBS) containing
Freund's complete adjuvant. Female New Zealand rabbits
were immunized with an aliquot containing 100 to 200 ,ug of

protein and then given a second injection 4 weeks later.
Preimmune sera were collected 1 week prior to the first
immunization.
Western blot analysis. Proteins separated on polyacryl-

amide gels were electrophoretically transferred to nitrocel-
lulose as described above. The nitrocellulose sheet was
immersed in blocking buffer (36) for at least 30 min, incu-
bated in immune serum diluted 1:1,000 in 20 mM Tris HCl
buffer (pH 7.5) containing 250 mM NaCl (Tris-NaCl) for 1 h,
and then incubated with biotinylated goat anti-rabbit immu-
noglobulin G (Caltag Laboratories, San Francisco, Calif.)
diluted 1:10,000 in Tris-NaCl for 1 h. This was followed by a
final incubation with a streptavidin-horseradish peroxidase
conjugate (Caltag) diluted 1:1,000 in Tris-NaCl. Enhanced
chemiluminescence detection of protein bands was accom-
plished by a 1- to 2-min incubation with a chemiluminescent
reagent consisting of 10 ,u of 10.5-mg/ml luminol (Aldrich) in
100o N,N-dimethylformamide, 10 ,u of 75-mg/ml 4 (p)-
iodophenol (Aldrich) in 100% N,N-dimethylformamide, and
2.13 R1 of 30% H202 in 10 ml of 100 mM Tris-HCl at pH 8.6
(50). The nitrocellulose membrane was covered with Saran
Wrap and exposed for 30 to 60 s to a sheet of Kodak X-Omat
K film (Eastman Kodak, Rochester, N.Y.). Alternatively,
antiserum-treated blots were incubated with goat anti-rabbit
immunoglobulin G conjugated to alkaline phosphatase
(Caltag) previously diluted 1:5,000 in blocking buffer, and
stained with 5-bromo-4-chloro-3-indolyl phosphate (167 p.g/
ml) and Nitro Blue Tetrazolium (300 p.g/ml), both from
Sigma Chemical Co., St. Louis, Mo.
Amino acid composition and N-terminal amino acid se-

quence. A 10- to 20-,ug sample of purified SEF 21 fimbriae
was subjected to SDS-PAGE' and transferred electrophoret-
ically to Immobilon membranes (Millipore Corp., Bedford,
Mass.). The transferred protein was stained with Coomassie
brilliant blue R-250, and two samples were excised for
sequence and composition analyses. One sample was se-
quenced directly (28) by using an Applied Biosystems model
470A gas-phase sequencer equipped with on-line phenylthio-
hydantoin analysis. The amino acid composition of the
second sample was determined with an Applied Biosystems
model 428 amino acid derivatizer-analyzer after gaseous HCl
hydrolysis (165°C, 1 h).

Hemagglutination assays. S. enteritidis cells grown in static
CFA broth were harvested by centrifugation and suspended
in PBS to 0.5 x 109 to 1 x 109 cells per ml. This cell
suspension (10 pI) was mixed with an equal volume of a 3%
guinea pig erythrocyte suspension in PBS on a glass micro-
scope slide and exarnined for agglutination. For the testing of
mannose sensitivity, 5 pI of a 5% a-D-mannose solution was
added to the erythrocyte suspension and gently mixed before
bacterial cells were added.

Electron microscopy. S. enteritidis cells or fimbriae were
deposited on a Formvar-coated grid and negatively stained
with 1% ammonium molybdate containing 0.1% glycerol.
For immunogold labeling of whole cells of S. enteritidis or
fimbrial preparations, the grids were incubated on a drop of
PBS containing 1% skim milk and then transferred to a drop
of preimmune or immune serum (diluted 1/1,000 in PBS),
washed in PBS, and finally floated on a drop of protein
A-15-nm gold (Auroprobe; Pharmacia, Uppsala, Sweden)
diluted 1/50 in PBS. The grids were rinsed, negative stained
as described above, air dried, and observed with a Philips
EM300 electron microscope operated at 60 or 80 kV.
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FIG. 1. Western blots of S. enteritidis cells and fimbriae. S.
enteritidis 27655 cells were treated with Laemmli SDS-PAGE sam-
ple buffer (-Glyc) or sample buffer supplemented with glycine at pH
2.2 (+Glyc) prior to SDS-PAGE separation and analysis by Western
blotting with a mixed immune serum raised against SEF 14 and SEF
21. Lanes: 1 and 2, semipurified fimbrial preparations; 3 and 4,
lysates of cells grown at 37°C in static CFA medium; 5, cell lysates
grown at 30°C in CFA medium; 6, cell lysates of the E. coli
recombinant cos 48 containing SEF 14 (17). The vertical arrow

indicates SEF 21, which does not migrate very far into the gel in the
absence of acid treatment.

RESULTS

Discovery of SEF 21. A nonspecific fimbrial antiserum, Si
(see Materials and Methods), was used in Western blot
analysis of S. enteritidis cells grown in static CFA broth at
37°C and treated with Laemmli SDS-PAGE sample buffer.
This antiserum revealed the previously described SEF 14
fimbrin subunit (17, 18) as well as a substantial amount of
immunoreactive material which barely migrated into the gel
(Fig. 1, lane 3). However, when similar samples briefly
treated with SDS-PAGE sample buffer supplemented with
glycine (pH 2.2) were analyzed on Western blots, the
high-Mr immunoreactive material disappeared and a protein
of approximately 21,000 Mr appeared (Fig. 1, lane 4). The
electrophoretic migration of this 21,000-Mr protein was
distinctly slower than that of pre-SEF 14 (Fig. 1, lane 6). The
possibility that this 21,000-Mr protein represented the struc-
tural subunit of a second fimbrial type that required acid
depolymerization to enter gels during electrophoresis was
supported by the observation that it could be released from
S. enteritidis cells by blending and was recovered in the
supernatant after the cells were removed by centrifugation
(Fig. 1, lanes 1 and 2). Furthermore, SDS-PAGE protein
profiles of cells grown at 30°C indicated that these cells still
produced the 21,000-Mr protein but that the SEF 14 fimbrin
was no longer detected by Coomassie staining and was
barely detected by Western blotting (Fig. 1, lane 5). How-
ever, these 30'C-grown cells still autoaggregated and formed
pellicles in static broth culture to the same extent as cells
grown at 37°C, suggesting the presence of some other
aggregation-promoting surface structure.

Purification of SEF 21 and SEF 14. Based on the hydro-
phobicity of SEF 14 and the insolubility of SEF 21 in boiling
SDS, a simple and rapid method for the simultaneous
purification of both structures was devised. Fimbriae, as

well as other surface material, were sheared off the cells in
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FIG. 2. Analysis of purified SEF 14 and SEF 21 from S. enteri-
tidis. Both fimbriae were purified as described in Materials and
Methods and were electrophoresed with (+Glyc) or without
(-Glyc) prior glycine treatment, as noted in the legend to Fig. 1. (A)
Coomassie-stained SDS-PAGE. Lanes: 1 and 2, fraction 1 (see
Materials and Methods); 3 and 4, purified SEF 14; 5, purified SEF
21. (B) Western blot analysis. Lanes: 1 and 2, fraction 1; 3 and 4,
purified SEF 14; 5, purified SEF 14; 6 and 7, purified SEF 21.
Samples electrophoresed in lanes 1 to 4 were incubated with
immune serum raised against SEF 14 and SEF 21 fimbriae; lanes 5
to 7 were incubated with an immune serum containing antibodies to
SDS-PAGE-purified SEF 21 fimbrin.

the presence of 0.15 M ethanolamine, which was found to
maintain SEF 14 (17) and SEF 21 in solution. Both fimbrial
types were detected by SDS-PAGE or Western blotting (Fig.
2A and B, lanes 1 and 2). Only trace amounts of fimbriae
sedimented under the centrifugation conditions used to
eliminate cellular debris. SEF 14 selectively precipitated
during dialysis against Tris buffer containing 0.2% SDS,
suggesting that SEF 14 was more hydrophobic than SEF 21
(Fig. 2A and B, lanes 3 and 4). After precipitated SEF 14 was
removed, the supernatant, which contained predominantly
SEF 21 as well as traces of SEF 14 and other minor proteins,
was concentrated and treated with acetone. The resulting
precipitate was boiled in SDS, which selectively solubilized
contaminating proteins except SEF 21, which was simply
recovered by high-speed sedimentation. SDS-PAGE analy-
sis and Western blotting of purified SEF 21 suggested that
significant amounts of SEF 14 and other contaminating
proteins were present (Fig. 2A, lane 5, and B, lane 7).
However, these proteins were immunoreactive only with
specific immune serum generated to SDS-PAGE-purified
SEF 21 fimbrin and did not react with immune serum raised
specifically to the SEF 14 fimbrin (data not shown). More-
over, SEF 14 was not immunoreactive with the immune
serum raised to gel-purified SEF 21 (Fig. 2B, lane 5). Since
SEF 21 and SEF 14 fimbrins were clearly not immunologi-
cally cross-reactive, the additional proteins were likely acid
degradation products derived from acid-treated SEF 21.
SEF 21 also appeared as a doublet (Fig. 2A, lane 5, and B,
lane 7), but this was also due to the acid treatment (see
below).
Amino acid composition and N-terminal sequence of the

SEF 21 fimbrin. Occasionally, purified SEF 21 was resolved
by SDS-PAGE into two adjacent protein bands which could
be separated by using a gradient gel. The N-terminal se-

quence analysis of each band revealed that the first 32 amino
acids of the upper band were identical to those of the subunit
of type 1 fimbriae of S. typhimurium predicted from the
DNA sequence (8) (Table 1). The lower-molecular-weight
band had the same N-terminal amino acid sequence with the
exception that the acid-labile Asp-Pro bond was apparently
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TABLE 1. N-terminal amino acid sequences of Salmonella fimbriae

Structure Organism Residue

SEF 14a S. enteritidis AGFVGNKAVVQAAVTIAAQNTTSANWSQDPGFTGPA
SEF 21 S. enteritidis ADPTPVSVSGGTIHFEGKLVNAAA?VS??SADb
Type 1' S. typhimurium ADPTPVSVSGGTIHFEGKLVNAACAVSTKSAD

a Data are from Feutrier et al. (17).
b ?, amino acid residue not identified.
cData are from Purcell et al. (41). The amino acid sequence was deduced from the DNA sequence.

cleaved by the mild acid treatment. The overall amino acid and had a channelled appearance typical of other type 1
composition was also very similar to that of type 1 fimbriae fimbriae (Fig. 3A). Highly purified preparations of SEF 21
of S. typhimurium (Table 2). The N-terminal sequence and also had a typical type 1 fimbrial morphology and reacted
composition of the 21,000-Mr SEF 21 fimbrin were clearly with immune serum raised against the gel-purified fimbrin of
distinct from those of the 14,000-Mr SEF 14 fimbrin de- SEF 21 (Fig. 3B). Conversely, SEF 14 was completely
scribed previously (17) (Tables 1 and 2). disassembled into subunits when boiled in 0.1% SDS, and

Hemagglutination. We examined the comparative hemag- the morphology of purified SEF 14 was not as characteristic
glutination properties of various S. enteritidis strains grown of type 1 as typified by SEF 21 (Fig. 3C). SEF 14 did not
under conditions which permit the production of SEF 14 or cross-react with immune serum raised specifically against
SEF 21 or both. When grown at 37°C, S. enteritidis 27655, gel-purified SEF 21 fimbrin but reacted strongly with im-
like S. typhimurium, which also produces type 1 fimbriae, mune serum raised against purified SEF 14 (Fig. 3D). Puri-
produced SEF 14 and SEF 21 and displayed a moderate MS fied SEF 14 was not recognized by immune serum raised
hemagglutination. The extent of hemagglutination of both against native SEF 21.
strains was lower than that of E. coli producing typical type Both SEF 14 and SEF 21 were detected on cells grown in
1 fimbriae. However, S. enteritidis exhibited the same level static CFA medium at 37°C by immunogold labeling with
of MS hemagglutination after growth at 30 or 24°C, condi- specific immune sera (Fig. 4A and B). When cells were
tions which were nonpermissive for SEF 14 fimbrin synthe- grown at 30°C, a third fibrillar structure (SEF 17) with a
sis (Fig. 1, lane 5). In addition, S. enteritidis 2-15, a TnphoA morphology clearly different from that of either SEF 14 or
mutant conditionally defective in SEF 21 fimbrin synthesis, SEF 21 was seen (Fig. 4C).
was nonhemagglutinating when grown under conditions non- The immune sera obtained by immunization with acid-
permissive for SEF 21 production. Also, fimbrial prepara- depolymerized, gel-purified SEF 21 reacted readily and
tions highly enriched with SEF 21 (fraction 3; see Materials specifically with denatured SEF 21 fimbrin by Western
and Methods) were strongly hemagglptinating (data not blotting (Fig. 2B, lane 7). However, the reaction with the
shown). intact structure as visualized by immunogold staining of

Electron microscopy of S. enteritidis SEF 21. Fimbrial electron micrographs was relatively weak (Fig. 4B).
preparations of SEF 21 which had been boiled in 0.1% SDS Distribution of SEF 21. Several other Salmonella strains as
were uniform, were approximately 7 to 8 nm in diameter, well as an E. coli strain producing classical type 1 fimbriae

TABLE 2. Comparison of amino acid compositions of bacterial fimbrins

No. of residues per fimbrin
Amino S. enteritidis S. enteritidis S. typhimurium E. coli Klebsiella pneumoniae
acid SEF 14 SEF 21 type 1 type 1 type 1

(Mr 14,000)a (Mr 21,000) (Mr 22,100)b (Mr 15,700)a (Mr 21,500)a

Asn/Asp 13 25 22 19 27
Thr 17 25 25 19 25
Ser 11 16 23 10 14
Gln/Glu 14 14 19 13 17
Pro 8 12 11 2 5
Gly 22 16 23 16 18
Ala 21 33 34 31 30
Val 13 16 16 15 18
Met 0 3 tr 0 2
Ile 5 8 7 4 8
Leu 4 13 12 10 13
Tyr 2 4 4 2 6
Phe 7 8 9 7 6
His 1 1 3 2 2
Lys 4 8 9 3 8
Arg 2 4 4 3 5
Cys 0 NDC 0 2 4
Trp 1 ND 0 0 1

a Data are from Feutrier et al. (17).
b Data are from Korhonen et al. (26).
c ND, not determined.
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FIG. 3. Electron microscopy of negatively stained and immunogold-labeled fimbrial preparations. (A) SEF 21 obtained from a purified
fimbrial preparation after solubilization of SEF 14 in boiling 0.1% SDS; (B) purified SEF 21 reacted with immune serum raised against
gel-purified SEF 21 fimbrin; (C) purified SEF 14; (D) purified SEF 14 reacted with immune serum against SEF 14. Bars, 100 nm.

were also analyzed by Western blotting with the specific
immune serum raised against SEF 21 fimbrin. All Salmonella
strains tested produced fimbrin proteins which were immu-
nologically cross-reactive. This result is consistent with the
close similarity in N-terminal and overall amino acid com-
positions of the S. typhimurium type 1 fimbriae (17, 41).
However, the type 1 fimbrin of E. coli (17,000 Mr) did not
react with immune serum raised to SEF 21 fimbrin (Fig. 5,
lane 6). None of the strains tested other than S. enteritidis
were cross-reactive with specific immune serum raised
against the SEF 14 fimbrin. The faint 14,000-Mr band from S.
typhimurium ENB7 was likely an acid degradation product
of type 1 fimbrin, since it was seen only in samples treated
with glycine (pH 2.2) when sufficient sample was applied to
the gel (Fig. 5, lane 3). Moreover, immune serum to SEF 14

did not recognize this band on Western blots (data not
shown).

DISCUSSION
In addition to the previously described SEF 14 with a

subunit Mr of 14,000 (17), a typical type 1 fimbria of S.
enteritidis, designated SEF 21, has been identified, purified,
and characterized. The purification procedure described in
this study is straightforward, allows the simultaneous puri-
fication of both fimbriae, and results in preparations of high
purity based on biochemical and immunological criteria.
Initially, SEF 21 escaped our attention (17) because of the
insolubility of these fimbriae in SDS-PAGE sample buffer
containing SDS. Fortuitously, immune sera raised against
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FIG. 4. Immunogold labeling of fimbriae on S. enteritidis. (A) Cells grown in static CFA medium at 37°C and reacted with immune serum
against purified SEF 14; (B) cells grown as in panel A but reacted with immune serum raised to gel-purified SEF 21; (C) cells grown in static
CFA medium at 30°C and reacted with an immune serum against the third fibrillar structure (SEF 17) (9a). Bars, 250 nm.

crude fimbrial preparations containing SEF 14 and SEF 21
recognized both fimbrin subunits in Western blots but only if
acid treatment preceded electrophoresis. It is important to
emphasize the necessity for acid depolymerization of SEF
21, which under these weak-acid conditions is probably little
more than the titration of acidic amino acid residues critical
to fimbrin subunit charge interactions. It was demonstrated
some time ago that acid depolymerization of E. coli type 1
fimbriae was required for gel permeation (15, 33), a proce-
dure which thereafter became routine in the literature con-
cerning E. coli fimbriae. With respect to molecular mass,
immunological cross-reactivity, amino acid composition,
and N-terminal amino acid sequence, the fimbrin of S.
enteritidis SEF 21 appears to be nearly identical to that of S.
typhimurium (17, 26, 41) but is entirely distinct from the
other fimbriae of S. enteritidis.

It is interesting that while type 1 fimbriae from both E. coli

SEF21 i- _ _ M

SEFI14

1 2 3 4 5 6
FIG. 5. Immunological comparison of type 1 fimbriae. Western

blots of cell lysates from several bacterial strains after growth in
static CFA or Luria broth medium at 37°C. Lanes: 1, S. enteritidis
27655; 2, S. typhimurium ENB7; 3, S. typhimurium ENB7 grown in
static Luria broth medium at 37°C; 4, S. cubana S211; 5, S. illinois;
6, E. coli A122. The whole-cell lysates of these strains were
subjected to SDS-PAGE and electrophoretically transferred onto
nitrocellulose filters. The filters were incubated with immune serum
containing antibodies against SEF 14 and SEF 21 fimbriae. Detec-
tion of cross-reactive bands was accomplished by enhanced
chemiluminescence catalyzed by horseradish peroxidase as de-
scribed in Materials and Methods.

and S. enteritidis depolymerize in acid and presumably share
approximately 50% DNA sequence homology by analogy to
the DNA sequence of S. typhimurium (41), they are not
immunologically cross-reactive. Perhaps conserved se-
quences encode structural interaction sites and nonhomolo-
gous sequences encode surface-exposed residues. Poly-
clonal immune serum raised against denatured SEF 14
fimbrin does not cross-react with SEF 21 fimbrin, suggesting
that if sequences encoding internal residues are common,
they do not give rise to immunologically common epitopes.
Also, polyclonal anti-SEF 21 fimbrin antibody reacts ex-
tremely poorly with native fimbriae (Fig. 3B), suggesting that
most surface epitopes on SEF 21 are conformationally
dependent.
The MS hemagglutination property of S. enteritidis 27655

appears to be due to the presence of SEF 21, since this
property remains in cells grown below 30°C, temperatures
not conducive to the synthesis of SEF 14. In addition, MS
hemagglutination is absent in a TnphoA mutant grown under
conditions in which SEF 21 is missing. In a recent, more
extensive hemagglutination survey with SEF 14 (49), a
specific hemagglutinating role for SEF 14 could not be
demonstrated, a result in agreement with our contention that
SEF 21 is responsible for the MS phenotype of S. enteritidis.
The true tissue receptor specificities of SEF 14 and SEF 21
and the role, if any, of these fimbriae in pathogenesis remain
to be determined.

In addition to the SEF 14 and SEF 21 described here, S.
enteritidis produces at least one other fibrillar structure (9a).
None of these three fimbriae are immunologically related,
nor are they similar in their N-terminal amino acid sequences
or overall amino acid compositions. They can also be easily
distinguished by the Mrs of their subunits as well as by their
morphologies. SEF 21 is well defined and of uniform diam-
eter, whereas SEF 14 is finer (approximately 3 to 5 nm in
diameter) and less well defined when observed either on
whole cells or in purified fimbrial preparations (Fig. 3). It is
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important to clearly differentiate these fimbriae, since there
is confusion regarding them (49).

S. enteritidis 27655 is apparently capable of producing a
multiplicity of fibrillar structures, a characteristic of some
other successful pathogens (30, 31, 37, 45, 48). To avoid
confusion, we devised a simple nomenclature (used here for
S. enteritidis) based on the genus and species in which the
fimbriae are found and the Mrs of the different fimbrin
subunits. The assignment of the requisite genotypes respon-
sible for the synthesis and assembly of each fimbrial type will
hereafter be sef for SEF 14 and fim for SEF 21, which
permits the distinction of genes for each fimbrial type and is
still in keeping with the nomenclature for type 1 fimbriae of
S. typhimurium and E. coli. Previously (18, 36), we referred
to the fimbrin structural gene of SEF 14 as fimA, but it will
hereafter be referred to as sefA. This system is flexible and
allows us to assign common names and genes for newly
discovered fimbriae, such as the newly described third
fimbrial structure of S. enteritidis (Fig. 4C) (9a).
The production of at least two (SEF 14 and SEF 21) of the

three fibrillar structures is now known to be regulated by a
variety of environmental factors (36a). Since S. enteritidis is
capable of colonizing different hosts and occupying different
niches within a host (40), the capacity to produce several
environmentally regulated yet antigenically distinct fimbriae
may contribute to this pathogen's current success. Presum-
ably, S. enteritidis deploys a responsive and sophisticated
regulatory system that ensures survival in the different, often
hostile environments encountered during the course of an
infection. It has been demonstrated, in S. typhimurium, for
example, that several regulatory networks seem to be in-
volved in virulence (5, 11, 20, 21, 34, 35). So far, there is
little information on the nature of regulatory networks in-
volved in the production of the fimbriae of S. enteritidis.
Important questions concerning fimbrial genetic organiza-
tion, common components, and roles in adhesion and viru-
lence remain.
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