
INFECTION AND IMMUNITY, Dec. 1996, p. 5015–5021 Vol. 64, No. 12
0019-9567/96/$04.0010
Copyright q 1996, American Society for Microbiology

In Vitro Attachment and Invasion of Chicken Ovarian Granulosa
Cells by Salmonella enteritidis Phage Type 8

DORAIRAJAN THIAGARAJAN,1 MAHDI SAEED,1* JOHN TUREK,2 AND ELIKPLIMI ASEM2

Department of Veterinary Pathobiology,1 and Department of Basic Medical Sciences,2 School of Veterinary Medicine,
Purdue University, West Lafayette, Indiana 47907

Received 11 July 1996/Returned for modification 3 September 1996/Accepted 20 September 1996

The attachment and invasion of chicken ovarian granulosa cells by Salmonella enteritidis was examined in
vitro. The attachment was inhibited by preincubation of granulosa cells with anti-chicken fibronectin antibody
(approximately 70% reduction in attachment) or preincubation with a 14-kDa fimbrial protein isolated from
S. enteritidis (68% reduction in attachment). Treatment of bacterial cells with the tetrapeptide RGDS before
addition to granulosa cells resulted in inhibition of attachment (60% inhibition when 2 3 107 CFU of bacteria
was treated with 500 mg of peptide). Treatment with the peptide GRGD resulted in similar magnitude of
inhibition, indicating that extracellular matrix proteins play significant roles in the interaction of S. enteritidis
with granulosa cells. In contrast, treatment of the bacterial cells with the peptide GRAD did not result in
significant inhibition of attachment to the granulosa cells. S. enteritidis was found to attach specifically to
fibronectin, collagen IV, and laminin-coated microtiter plate wells, with the rank order of attachment as
follows: fibronectin > laminin > collagen IV. Light and transmission electron micrographs of S. enteritidis
invasion of granulosa cells showed organisms with or without a surrounding membrane in the cytoplasm of
granulosa cells. In some instances, dividing bacterial cells were observed in the cytoplasm. Results of this study
demonstrated that S. enteritidis interacts with granulosa cells in a specific manner and can invade and multiply
in these cells. The granulosa cell layer of the preovulatory follicles may be a preferred site for the colonization
of the chicken ovaries by invasive strains of S. enteritidis.

The notion that grade A shell eggs can act as vehicles for
food poisoning by Salmonella enteritidis has gained ample sig-
nificance during the past several years (8–10, 14, 22, 25, 27).
Contamination of eggs can occur either by shell surface con-
tamination with fecal matter or through yolk contamination as
the egg is formed in vivo. It has been proposed that the ma-
jority of egg contamination in the United States may occur
through in vivo contamination because the outer shell surface
is sanitized thoroughly prior to shipping of eggs to retail mar-
kets (34). To understand the pathogenesis of S. enteritidis in-
fection in chickens, investigators have studied the conse-
quences following experimental, oral inoculations of chickens
with S. enteritidis (5, 6, 15, 16, 33, 36). Various phage types and
strains of S. enteritidis differ in their virulence to chickens (19,
20). However, the microbial characteristics and the processes
that lead to egg contamination in vivo have not been eluci-
dated.
Attachment of bacteria to host cell surface may be an es-

sential step in pathogenesis (13). This interaction probably
involves surface structures on the bacteria that are capable of
binding membrane component(s) on the host cell surface. For
example, adhesion of S. enteritidis to mouse intestinal epithelial
cells requires two types of fimbriae and is viewed as an impor-
tant initial step in the pathogenesis of the disease in mice (1).
In other studies, the adhesion of S. typhimurium and S. enter-
itidis to human intestinal cells was shown to be mediated by
fimbriae, and fibronectin was shown to be involved in the
binding process (4). Escherichia coli and S. enteritidis are ca-
pable of binding other extracellular matrix proteins such as
laminin and collagens as well (23). In light of these and other

findings, it was proposed that the binding of extracellular ma-
trix proteins by microorganisms may be a mechanism by which
tissue adherence occurs and thus may be a significant step in
disease pathogenesis (21).
Following experimental oral inoculation of laying hens with

S. enteritidis, the organism was isolated from the tissue layers
surrounding the yolk in preovulatory follicles (15, 35). This
finding indicates that the bacteria may interact with the cellular
component(s) of the preovulatory follicle. S. enteritidis isolates
of various phage types have been shown to attach to chicken
ovarian granulosa cells that were isolated from healthy, adult,
laying hens and cultured in vitro (35). The tetrapeptide se-
quence Arg-Gly-Asp-Ser (RGDS) of a number of extracellular
matrix proteins plays an important role in the attachment and
binding of these proteins to cell surfaces and macromolecules
(30, 31, 37). It was shown that the synthetic peptide RGDS
abrogated the attachment of S. enteritidis to granulosa cells
(35). This finding suggested that cell surface-associated extra-
cellular matrix proteins are important for the attachment of
the bacteria to granulosa cells. However, the extent of the
inhibition of attachment was not quantified. In addition, the
roles of various bacterial surface structures in the attachment
process were not examined.
The present study examined (i) the role of a 14-kDa S.

enteritidis fimbrial protein in the attachment of S. enteritidis to
chicken ovarian granulosa cells; (ii) the role of extracellular
matrix proteins such as fibronectin, laminin, and collagen IV in
the process; and (iii) the invasion of chicken ovarian granulosa
cells in vitro by S. enteritidis.

MATERIALS AND METHODS

Hens. Single Comb White Leghorn hens (25 to 30 weeks old) were obtained
from a local farm known to be free of S. enteritidis infections by serological
testing. This was further confirmed by killing randomly selected birds and cul-
turing visceral organs (ceca, liver, spleen, and ovaries) for S. enteritidis isolation.
The birds were housed in individual wire mesh cages in a windowless, air-
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conditioned room with 16 h light/8 h darkness cycle. They had unlimited access
to tap water and a commercial layer ration.
Bacterial strain. The bacterial strain used in this study (designated AE9) was

S. enteritidis phage type 8, originally isolated from an outbreak of food poisoning
due to contaminated eggs. It was stored at 2708C in tryptic soy broth containing
15% (vol/vol) glycerol. It is pathogenic to laying hens, as demonstrated by
invasion of various internal organs, including preovulatory follicles, and isolation
from a small proportion of laid eggs following oral inoculation of a group of
White Leghorn chickens (35).
Radiolabeling of bacteria. For attachment inhibition assays, the bacterial cells

were radiolabeled by cultivation in colonization factor antigen broth containing
80 mCi of 214C in the form of sodium acetate. Specific activity per CFU (1 3 to
2 3 1022 cpm) was established by viable counts and measurement of radioac-
tivity after harvest and two washes of bacterial cells in medium 199.
Purification of 14-kDa fimbrial protein. The 14-kDa fimbrial protein was

purified as described previously (12), with few modifications. Briefly, S. enteritidis
AE9 was grown in 10 liters of colonization factor antigen broth as static, aerobic
cultures for 48 h. The bacterial culture was centrifuged at 3,000 3 g for 15 min
at 108C and resuspended in 80 ml of 0.15 M ethanolamine buffer (pH 10.5). The
fimbriae were separated from the bacterial cells by shearing for 2 min in a
laboratory blender. The process was repeated five times at 2-min intervals. After
the bacterial cells and cellular debris were removed by centrifugation at 3,000 3
g for 15 min at 108C, ammonium sulfate was added to the supernatant to 10%
saturation and left overnight at 48C with constant stirring. The mixture was
centrifuged at 10,000 3 g for 15 min. Ammonium sulfate was added to the
supernatant to 40% saturation and left overnight with constant stirring. The
precipitated proteins were pelleted by centrifugation at 10,000 3 g for 15 min.
The pellet was then suspended in 0.15 M ethanolamine buffer (pH 10.5) and
centrifuged at 115,000 3 g for 1 h at 48C. The precipitate obtained after cen-
trifugation was resuspended in 0.15 M ethanolamine buffer and dialyzed over-
night against 0.02 M Tris-HCl followed by extensive dialysis against distilled
water. Protein determinations were done by the bicinchoninic acid method
(Pierce Chemical Company, Rockford, Ill.). Bovine serum albumin (BSA) was
used as the standard protein. The protein preparations were lyophilized and
stored at 2208C until further use.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) for

separation of proteins. To analyze fimbrial protein preparations, a 16- by 14-cm
vertical slab gel system (4.5% stacking gel and 15% separation gel) was used. The
protein preparations were solubilized in Laemmli buffer (24) and electropho-
resed along with molecular weight standards. The separated protein bands were
stained with 0.025% Coomassie brilliant blue.
Amino acid composition analysis of 14-kDa fimbrial protein. The purified

protein was hydrolyzed by using 6 N HCl, and the amino acid composition was
analyzed with a Beckman amino acid analyzer (Beckman Instruments Inc., Ful-
lerton, Calif.). BSA was used as control to determine the efficiency of hydrolysis
and the analytical process.
Granulosa cell preparation. The granulosa layers of the ovarian tissue of

healthy adult laying hens were separated from the thecal layers as previously
described (17), and the cells were dissociated in collagenase (Sigma Chemical
Co., St. Louis, Mo.) containing medium 199 (Life Technologies Corp., Gaith-
ersburg, Md.). The dispersed cells were suspended in medium 199 supplemented
with 0.2% BSA, 100 U of penicillin G per ml, and 100 mg of streptomycin sulfate
per ml (29).
In vitro attachment inhibition assays. Chicken ovarian granulosa cells (105 per

well) were cultured overnight at 378C under 5% CO2 atmosphere in 96-well
tissue culture plates. 14C-labeled S. enteritidis AE9 was washed in medium 199
and added at a density of 107 CFU per well. In all the in vitro attachment
inhibition assays described below, radiolabeled bacteria were added to tissue
culture wells without granulosa cells, and the recovered radioactivity after 1 h of
incubation at 378C (background) was subtracted from the test wells.
For inhibition of attachment using rabbit anti-chicken fibronectin antibody

(Chemicon International Corp., Temecula, Calif.), granulosa cells were incu-
bated for 30 min at 378C with various dilutions (1024-, 1023-, 1022-, and 1021-
fold) of antibody before addition of radiolabeled bacteria. Each dilution was
tested in triplicate. Control wells were incubated with 0.01% (wt/vol) rabbit
gamma globulin (Sigma). Following incubation with bacteria for 1 h at 378C,
unbound bacteria were removed by five washes with Hanks’ balanced salt solu-
tion (140 mM NaCl, 5 mM KCl, 2.5 mM CaCl2, 1.1 mMMgCl2, 5.6 mM glucose,
10 mM N-2-hydroxyethylpiperazine-N1-2-ethanesulfonic acid [HEPES; pH 7.4]).
The granulosa cells along with the attached bacteria were dissolved in 100 ml of
0.02 N sodium hydroxide. The mixture from each well was transferred to a
separate scintillation vial containing scintillation fluid (Ecolite; ICN Pharmaceu-
ticals, Costa Mesa, Calif.), and the radioactivity was measured in a Beckman
scintillation counter. Radioactivity obtained from test wells was expressed as a
percentage of the control value for each dilution of antibody tested. The radio-
activity thus obtained is a measurement of the total number of bacteria associ-
ated with granulosa cells (extracellular bacteria plus intracellular bacteria).
In the case of inhibition experiments using 14-kDa fimbrial protein, the gran-

ulosa cells were incubated with various concentrations of the protein (0, 2.5, 5,
10, and 20 mg per well) for 1 h at 378C before addition of radiolabeled bacteria.
Control wells were incubated with medium 199 containing 0.1% (wt/vol) BSA.
Attachment inhibition was measured as described above.

For attachment assays involving synthetic peptides, various concentrations of
the peptides (125, 250, and 500 mg per ml) were incubated end-over-end with 23
107 CFU of bacteria per ml for 1 h at room temperature in the presence of 0.01%
(vol/vol) Tween 80 (Sigma). At the end of the incubation, bacterial cells were
washed with medium 199 containing 0.01% Tween and resuspended in the same
medium before the granulosa cells were inoculated. Bacterial suspensions for
control wells were incubated with 0.1% BSA and 0.01% Tween 80 in medium
199. Different concentrations for each peptide, RGDS (Sigma) and GRGD and
GRAD (Life Technologies), were tested in triplicate. Radioactivity recovered
from each test well was expressed as a percentage of the control value.
Solid-phase protein binding assay. Bovine plasma fibronectin (Sigma), mouse

laminin, and mouse collagen type IV (Life Technologies), at various concentra-
tions (0.5, 1, 2, and 4 mg per well) were applied to tissue culture wells in a 96-well
plate (Corning, Fisher Scientific, Springfield, N.J.). The extracellular matrix
proteins were dissolved in 50 ml of medium 199, transferred to microplate wells,
and allowed to dry at room temperature. The efficiency of coating was tested by
using specific antibodies against each of these proteins in an indirect enzyme-
linked immunosorbent assay or by protein determination by the bicinchoninic
acid method. For binding assays, S. enteritidis AE9 was inoculated (2 3 106 CFU
per well) in the tissue culture wells and incubated for 1 h at 378C. After the wells
were washed five times with phosphate-buffered saline (PBS; 140 mM NaCl, 2.7
mM KCl, 10 mMNa2HPO4, 1 mM KH2PO4), the bound bacteria were recovered
by using 0.02 N NaOH and the radioactivity was measured. Bacterial attachment
to different concentrations of each extracellular matrix protein was tested in
triplicate. Control wells in triplicate were coated with 1, 2, and 4 mg of BSA per
well.
Invasion of granulosa cells by S. enteritidis. Invasion experiments were carried

out essentially as described previously (28). Chicken ovarian granulosa cells were
grown on glass coverslips in 24-well tissue culture plates (Corning, Fisher Sci-
entific) at a concentration of 5 3 105 cells per ml. The cells were inoculated with
2 3 107 CFU of S. enteritidis AE9 grown overnight in beef heart infusion broth
under static, aerobic conditions. After 2 h of incubation at 378C, the cells were
washed once with medium 199 and intracellular growth medium, which consists
of medium 199 supplemented with 2% fetal bovine serum; 100 mg of gentamicin
per ml was added, and the mixture was incubated at 378C. During the incubation
period, the medium was replaced every hour with intracellular medium (medium
199 containing 2% fetal bovine serum and 10 mg of gentamicin per ml). Cover-
slips were removed for examination after 3 h of incubation at 378C. The cover-
slips were washed five times with PBS. For light microscopic observations, the
coverslips were fixed with methanol and stained with 10% Giemsa stain. For
electron microscopic observations, the coverslips were fixed with phosphate-
buffered 3% glutaraldehyde solution.
Electron microscopy. The coverslips were further fixed with 1% osmium tet-

roxide–1.5% potassium ferrocyanide, dehydrated by passage through graded
ethanol, rinsed twice in propylene oxide, and infiltrated with epoxy resin (Poly/
Bed 812; Polysciences, Warrington, Pa.). The side of the coverslip containing the
cells was inverted onto a polyethylene capsule filled with epoxy resin, and the
resin was allowed to polymerize at 608C. The glass coverslip was removed either
by heat or by treatment with hydrofluoric acid. Thin sections were stained with
uranyl acetate and lead citrate and viewed in a JEOL JEM-100 CX electron
microscope.

RESULTS

Purification of 14-kDa fimbrial protein and amino acid com-
position analysis. Upon SDS-PAGE the purified fimbrial pro-
tein preparation showed a single protein band with an approx-
imate molecular mass of 14 kDa (Fig. 1). The amino acid
composition analysis (Table 1) was similar to that reported
earlier (12). However, we observed differences in the percent-

FIG. 1. SDS-PAGE profile of proteins isolated from S. enteritidis AE9. Lane
1, molecular weight markers; lane 2, purified fimbrial protein; lane 3, heat-
extracted (658C for 30 min) membrane-associated proteins. The numbers on the
left indicate molecular masses of marker proteins in kilodaltons.
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age of some amino acids such as Ala, Pro, Thr, Arg, Gly, Ile,
Phe, and Asx. The estimated molecular mass based on the
amino acid composition analysis was 14.4 kDa.
Inhibition of S. enteritidis attachment to granulosa cells. It

was possible to inhibit the attachment of S. enteritidis to gran-
ulosa cells by the preincubation of cells with antichicken fi-
bronectin antibody. Preincubation of granulosa cells with a
1021 dilution of the antibody resulted in approximately 70%
inhibition of S. enteritidis attachment compared to control wells
in which cells were preincubated with 0.01% bovine gamma
globulin (Fig. 2). Inhibition of attachment was dependent on
the dilution of antibody. At the highest dilution tested in this
study (1024), nearly 21% inhibition of attachment was ob-
served.
The effect of purified fimbrial protein (14 kDa) on the at-

tachment of S. enteritidis to granulosa cells was tested by pre-
incubation of the granulosa cells with various concentrations of
the fimbrial protein. When granulosa cells were preincubated
with 20 mg of fimbrial protein, the radioactivity recovered from
the test wells indicated an approximate 68% inhibition of at-
tachment (Fig. 3).
Similarly, inhibition of attachment was achieved by preincu-

bation of bacteria with synthetic peptides known to mediate
the interaction of extracellular matrix proteins with cell sur-
faces and macromolecules. When bacteria were incubated with
500 mg of the RGDS or GRGD peptide per ml prior to expo-
sure to granulosa cells, a 60% inhibition of attachment was
observed. In contrast, preincubation of bacteria with the
GRAD peptide did not result in significant inhibition of S.
enteritidis attachment to granulosa cells (Fig. 4). The extents of
inhibition achieved with the RGDS and GRGD peptides were
similar. Although the degree of inhibition caused by GRGD at
250 mg/ml appears to be lower than that of RGDS, the differ-
ence was not statistically significant. In contrast, the inactive
control GRAD did not have any significant inhibitory effect on

attachment (about 10 to 20% inhibition at both concentrations
tested). At the maximum concentration tested in this study
(500 mg/ml), both RGDS and GRGD were effective in inhib-
iting 60% of S. enteritidis AE9 attachment to granulosa cells.

TABLE 1. Amino acid composition of fimbrial protein isolated
from S. enteritidis AE9

Amino acida

% in:

14-kDa fimbrial
protein isolated from

strain AE9

S. enteritidis
fimbriae 14b

Asx 9 13
Glx 14 14
Ser 11 11
His 1 1
Gly 19 22
Arg 3 2
Thr 14 17
Pro 5 8
Ala 17 21
Tyr 2 2
Val 13 13
Ile 6 5
Leu 4 4
Phe 6 7
Lys 4 4
Trp —c 1
Met — 0
Cys — 0
Total no. of residues/molecule 130 145
Calculated mol wt 14,400

a Amino acids that differ by 1% or more are underlined.
b Data from reference 12.
c—, not detected by the procedure used.

FIG. 2. Inhibition of in vitro attachment of S. enteritidis to chicken ovarian
granulosa cells, using rabbit anti-chicken fibronectin antibody. Control wells
were incubated with 0.01% rabbit gamma globulin. Error bars indicate standard
error of mean (n 5 9 wells, 3 experiments).

FIG. 3. Inhibition of in vitro attachment of S. enteritidis to chicken ovarian
granulosa cells, using a 14-kDa fimbrial protein isolated from strain AE9. Con-
trol wells were incubated with 0.1% BSA. Error bars indicate standard error of
mean (n 5 9 wells, 3 experiments).
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Solid-phase extracellular matrix protein binding by S. en-
teritidis. The attachment of S. enteritidis to various extracellular
matrix proteins (fibronectin, laminin, and collagen IV) was
examined in 96-well tissue culture plates. The bacteria at-
tached to all these proteins in a concentration-dependent fash-
ion (Fig. 5). The attachment was greater in fibronectin-coated
wells at all concentrations tested (Fig. 5). The rank order of

attachment of S. enteritidis AE9 to the matrix proteins was
fibronectin . laminin . collagen IV.
Invasion of granulosa cells by S. enteritidis. Following incu-

bation with intracellular growth medium containing gentami-
cin, few or no extracellular bacteria were observed under light
microscopy. Intracellular, rod-shaped organisms were seen in
granulosa cells (Fig. 6). It was not clear if the bacteria were
enclosed in membrane-bound vacuoles. In transmission elec-
tron micrographs, the organisms can be seen as free organisms
or surrounded by a membrane in the cytoplasm (Fig. 7a and c).
In some micrographs, a microcolony of bacteria with dividing
bacterial cells can be seen, indicating that the organism is
capable of multiplying within the granulosa cells (Fig. 7b).

DISCUSSION

The phenomenon of transovarian transmission of S. enterit-
idis is an intriguing aspect of the pathogenesis of this organism
in chickens. Following oral inoculation, the organism does not
cause overt clinical infections in adult laying hens but leads to
laying of contaminated eggs (14, 26). Invasion of intestinal
walls by S. enteritidis leads to systemic spread of the organism
(6, 14, 15, 33, 36). Previous studies indicated that following
invasion of intestinal epithelial cells, S. enteritidis were found in
macrophages in the lamina propria (32). The colonization of
preovulatory follicles by blood-borne S. enteritidis could possi-
bly involve interactions with the cellular components in the
ovarian follicular wall (35). The follicular theca wall is a highly
vascularized structure with vessels of increased permeability
(18), and this anatomical feature may facilitate the transport of
the organism from the blood to the developing follicle (6).
Blood-borne organisms may be deposited near the basement

FIG. 4. Inhibition of in vitro attachment of S. enteritidis to chicken ovarian
granulosa cells following preincubation of bacteria with the synthetic peptides
Arg-Gly-Asp-Ser (RGD; circles), Gly-Arg-Gly-Asp-Asn-Pro (GRGD; dia-
monds) and Gly-Arg-Ala-Asp-Ser-Pro (GRAD; squares). Error bars indicate
standard error of mean (n 5 9 wells, 3 experiments).

FIG. 5. Attachment of S. enteritidis AE9 to bovine plasma fibronectin-,
mouse laminin-, and mouse collagen type IV-coated tissue culture wells. The
radioactivity recovered from each test well was plotted against the concentration
of protein in each well. Error bars indicate standard error of mean (n 5 6 wells,
2 experiments).

FIG. 6. Invasion of chicken ovarian granulosa cells by S. enteritidis AE9.
Granulosa cells grown on coverslips were inoculated with S. enteritidis as de-
scribed in Materials and Methods and stained with Giemsa stain. Bar 5 10 mm.
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FIG. 7. Transmission electron micrographs of granulosa cell invasion by S. enteritidis. (a) Organisms found within the cytoplasm of the granulosa cell 5 h
postinoculation. Arrowheads indicate membrane-bound bacteria in the cytoplasm (magnification, 313,860; bar 5 1 mm). (b) Microcolony of bacteria within the
cytoplasm 5 h postinoculation. Arrowheads indicate bacteria in the process of division (magnification, 310,500; bar 5 1 mm). (c) Granulosa cell showing free bacteria
in the cytoplasm. Arrowheads indicate the halo surrounding the bacteria (magnification, 310,500; bar 5 2 mm).
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membrane itself since many of the vessels terminate near the
membrane (18). From this locus, the bacteria may penetrate
the basement membrane and enter the yolk after invading the
granulosa cells or by migrating between the cells and traversing
the perivitelline layer. It has been reported that S. enteritidis
can attach to granulosa cells in vitro and that this may be one
of the ways by which the egg becomes contaminated in vivo
(35).
The in vitro attachment of S. enteritidis to chicken ovarian

granulosa cells can be inhibited by anti-chicken fibronectin
antibody, indicating that fibronectin may play a role in the
attachment process. It has been shown that S. enteritidis binds
to fibronectin (2) and that fibronectin binding may be involved
in the in vitro S. enteritidis attachment to human intestinal
epithelial cells (3). The antibody preparation used in this study
recognizes fibronectin secreted by granulosa cells cultured in
vitro (29). The anti-chicken fibronectin antibody may recog-
nize several different epitopes in the fibronectin molecule that
are involved in the binding of S. enteritidis to granulosa cells.
Some of these epitopes may include cell binding domains of
the fibronectin molecule since bacterial attachment was also
inhibited by the RGDS and GRGD peptides (see below).
Whether the cell binding domains of the fibronectin molecule
are the only regions involved in the attachment process is not
clear at present. Binding studies using proteolytic fragments of
the fibronectin molecule are necessary to reveal the presence
of other sites and their respective affinities.
To assess the significance of cell binding domain of the

fibronectin molecule in the attachment process, the synthetic
peptide RGDS was used to inhibit the attachment of S. enter-
itidis to granulosa cells. Previously, it has been shown that
RGDS can abrogate attachment of S. enteritidis to granulosa
cells grown on coverslips (35). In the present study, using
radioactively labeled bacteria, we demonstrated that RGDS
can inhibit S. enteritidis attachment to granulosa cells. There-
fore, any extracellular matrix protein that binds macromole-
cules or cell surfaces through the RGD peptide sequence may
be involved in this process. Two other peptides, GRGD and
GRAD, were used as controls. GRGD is a strong inhibitor of
fibronectin but a weak inhibitor of vitronectin binding to cell
surfaces (31). GRAD is an inactive control that does not block
binding of fibroblasts to fibronectin (30). When the peptide
GRGD was used, the pattern of inhibition was similar to that
observed for RGDS, suggesting that vitronectin may play a
lesser role in the attachment process. The identity of cell sur-
face-associated protein(s) that mediates bacteria attachment
to granulosa cells under the present experimental conditions is
unknown. However, fibronectin is a good candidate because
the bacteria attached to fibronectin to a greater extent than
laminin and collagen IV in solid-phase extracellular matrix
protein binding assays. Moreover, anti-fibronectin antibody
suppressed S. enteritidis interaction with granulosa cells. The
other factors that contribute to the attachment of S. enteritidis
to granulosa cells remain to be determined. It has been re-
ported that attachment of several strains of S. enteritidis to
human intestinal epithelial cells may involve binding of fi-
bronectin (3). Additionally, it was reported that some strains
bound the 29-kDa amino-terminal fragment of fibronectin
whereas other strains did not. However, the latter class bound
the intact fibronectin molecule, indicating that sites other than
the ones at the amino-terminal domain may also be involved in
S. enteritidis interaction with fibronectin (3). This notion is also
borne out by our study in that the cell binding domain alone
cannot account for the entire attachment activity.
Chicken ovarian granulosa cells have been shown to deposit

fibronectin in vitro, and this deposition can be modulated by

hormones (29). The expression of fibronectin seems to vary
between different developmental stages of the follicles, with
maximal expression appearing at the F1 follicle (most mature)
stage. It is not clear how this may affect the in vivo interactions
of S. enteritidis with granulosa cells. However, no differences
were observed among the three most developed follicular
structures (F1, F2, and F3) when they were used in S. enteritidis
attachment assays (35).
S. enteritidis strains have been shown to express several types

of fimbriae. Some fimbriae are involved in the agglutination of
erythrocytes from various animal species (11) and adherence
to mouse intestinal cells (1). In the present study, it was pos-
sible to inhibit in vitro attachment of S. enteritidis to granulosa
cells by preincubating the cells with purified fimbrial prepara-
tion, suggesting a major role for this fimbrial protein in the
attachment process. Although the 14-kDa fimbrial protein may
be involved in the attachment of S. enteritidis AE9 to granulosa
cells, the roles of other fimbrial types and their relative con-
tributions to the attachment process remain to be examined.
The fimbrial structure(s) on S. enteritidis may provide bind-

ing sites to a variety of extracellular matrix proteins (2, 3, 7,
23). In the present study, strain AE9 interacted with fibronec-
tin, laminin, and collagen IV. It remains to be seen whether
this interaction involves 14-kDa fimbrial protein alone or other
fimbrial structures on the bacterial surface. Binding to laminin
and collagen IV may be relevant because in vivo access to
granulosa cells would involve binding to the basement mem-
brane, which is rich in collagen IV and laminin (37).
It was demonstrated in this study that S. enteritidis invades

the granulosa cells. This finding implies that ovarian granulosa
cells may be one type of target cell involved in the transovarian
transmission of the organism. In transmission electron micro-
graphs, it was possible to see cytoplasmic bacteria surrounded
by a membrane and in some instances as free bacteria in the
cytoplasm (Fig. 7a and c). The presence of a membrane sug-
gests that the organisms may have been endocytosed by invag-
ination of the granulosa cellular membrane. The nonvacu-
olated bacteria found within the granulosa cells are often
surrounded by a halo without a well-defined membrane (Fig.
7b). The seeming occurrence of free organisms in the cyto-
plasm may not be real. It is possible that the membrane-bound
vacuoles were not well preserved in these specimens during
fixation. Alternatively, they may represent organisms that ac-
tively invaded the granulosa cells. It is speculated that the halo
surrounding the organisms may represent areas within the
cytoplasm lysed by bacterial toxins or enzymes. The cytopathic
effect of S. enteritidis on granulosa cells and its significance in
vivo requires further examination. In the present study, some
of the bacterial cells in membrane-surrounded vacuoles were
dividing, suggesting that S. enteritidis is capable of multiplying
in granulosa cells (Fig. 7b) as has been described for other cell
types. It is possible that dividing organisms were present in the
culture medium before addition to granulosa cells. Additional
time course studies are required to determine if the organisms
can multiply in granulosa cells. It would be interesting to de-
termine whether invasion followed by multiplication is a pre-
requisite for transovarian transmission of S. enteritidis.
In summary, results presented in this study indicate that S.

enteritidis interacts with granulosa cells in a specific manner.
This interaction may be largely mediated by surface structures
on the bacterial and target cells. S. enteritidis may also invade
and multiply in ovarian granulosa cells. Since the granulosa cell
layer of the preovulatory follicle is located close to the egg yolk
mass, it is conceivable that the contamination of egg yolk prior
to oviposition explains the mechanism of transovarian trans-
mission of S. enteritidis. Furthermore, a few S. enteritidis-con-
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taining granulosa cells may be dislodged from the basement
membrane and released together with the yolk mass during
ovulation. These processes may lead to the production of Sal-
monella-contaminated eggs, which is the subject of significant
public health concern.

ACKNOWLEDGMENTS

This work was supported in part by the Purdue Agricultural Re-
search Program (manuscript no. 15257) and the Showalter Trust.
We acknowledge the excellent technical assistance provided by

Carol Koons.

REFERENCES

1. Aslanzadeh, J., and L. J. Paulissen. 1992. Role of type 1 and type 3 fimbriae
on the adherence and pathogenesis of Salmonella enteritidis in mice. Micro-
biol. Immunol. 36:351–359.

2. Baloda, S. B. 1988. Characterization of fibronectin binding to Salmonella
enteritidis strain 27655R. FEMS Microbiol. Lett. 49:483–488.

3. Baloda, S. B., A. Faris, and K. Krovacek. 1988. Cell surface properties of
enterotoxigenic and cytotoxic Salmonella enteritidis and Salmonella typhi-
murium: studies on hemagglutination, cell-surface hydrophobicity, attach-
ment to human intestinal cells and fibronectin binding. Microbiol. Immunol.
32:447–459.

4. Baloda, S. B., G. Froman, J. E. Peeters and T. Wadstrom. 1986. Fibronectin
binding and cell-surface hydrophobicity of attaching effacing enteropatho-
genic Escherichia coli strains isolated from newborn and weaning rabbits with
diarrhoea. FEMS Microbiol. Lett. 34:225–229.

5. Barrow, P. A. 1991. Experimental infection of chickens with Salmonella
enteritidis. Avian Pathol. 20:145–153.

6. Barrow, P. A., and M. A. Lovell. 1991. Experimental infection of egg laying
hens with Salmonella enteritidis phage type 4. Avian Pathol. 20:335–348.

7. Collinson, S. K., L. Emody, K. Muller, T. J. Trust, and W. W. Kay. 1991.
Purification and characterization of thin, aggregative fimbriae from Salmo-
nella enteritidis. J. Bacteriol. 173:4773–4781.

8. Cowden, J. M., D. Chishom, M. O’Mahoney, D. Lynch, S. L. Mawer, G. E.
Spain, L. Ward, and B. Rowe. 1989. Two outbreaks of Salmonella enteritidis
phage type 4 infection associated with the consumption of fresh shell-egg
products. Epidemiol. Infect. 103:47–52.

9. Cowden, J. M., D. Lynch, C. A. Joseph, M. O’Mahoney, S. L. Mawer, B.
Rowe, and C. L. R. Bartlett. 1989. Case-control study of infections with
Salmonella enteritidis phage type 4 in England. Br. Med. J. 299:771–773.

10. Coyle, E. F., C. D. Ribiero, A. J. Howard, S. R. Palmer, H. I. Jones, L. Ward,
and B. Rowe. 1988. Salmonella enteritidis phage type 4 infection: association
with hens’ eggs. Lancet 2:1295–1297.

11. Duguid, J. P., E. S. Anderson and I. Campbell. 1966. Fimbriae and adhesive
properties in Salmonellae. J. Pathol. Bacteriol. 92:107–138.

12. Feutrier, J., W. W. Kay, and T. J. Trust. 1986. Purification and character-
ization of fimbriae from Salmonella enteritidis. J. Bacteriol. 168:221–227.

13. Finlay, B. B., and S. Falkow. 1989. Common themes in microbial pathoge-
nicity. Microbiol. Rev. 53:210–230.

14. Gast, R. K., and C. W. Beard. 1990. Production of Salmonella enteritidis
contaminated eggs by experimentally infected hens. Avian Dis. 34:438–446.

15. Gast, R. K., and C. W. Beard. 1990. Isolation of Salmonella enteritidis from
internal organs of experimentally infected hens. Avian Dis. 34:991–993.

16. Gast, R. K., and C. W. Beard. 1991. Evaluation of a chick mortality model for
predicting the consequences of Salmonella enteritidis infection in laying hens.
Poult. Sci. 71:281–287.

17. Gilbert, A. B., A. J. Evans, M. M. Perry, and M. H. Davidson. 1977. A
method for separating the granulosa cells, the basal lamina and the theca of

the pre-ovulatory ovarian follicle of the domestic fowl (Gallus domesticus). J.
Reprod. Fertil. 50:179–181.

18. Griffin, H. D., M. M. Perry, and A. B. Gilbert. 1984. Yolk formation, p.
345–378. In B. M. Freeman (ed.), Physiology and biochemistry of the do-
mestic fowl. Academic Press, New York.

19. Hinton, M., E. J. Threlfall, and B. Rowe. 1990. The invasive potential of
Salmonella enteritidis phage types for young chickens. Lett. Appl. Microbiol.
10:237–239.

20. Hinton, M., E. J. Threlfall, and B. Rowe. 1990. The invasiveness of different
strains of Salmonella enteritidis phage type 4 for young chickens. FEMS
Microbiol. Lett. 70:193–196.

21. Hook, M., L. M. Switalski, T. Wadstrom, and M. Lindberg. 1989. Interac-
tions of pathogenic microorganisms with fibronectin, p. 295–308. In D. F.
Mosher (ed.), Fibronectin. Academic Press, New York.

22. Hopper, S. A., and S. Mawer. 1988. Salmonella enteritidis in a commercial
layer flock. Vet. Rec. 123:351.

23. Kukkonen, M., T. Raunio, R. Virkola, K. Lahteenmaki, P. H. Makela, P.
Klemm, S. Clegg and T. K. Korhonen. 1993. Basement membrane carbohy-
drate as a target for bacterial adhesion: binding of type 1 fimbriae of Sal-
monella enterica and Escherichia coli to laminin. Mol. Microbiol. 7:229–237.

24. Laemmli, U. K. 1970. Cleavage of structural protein during the assembly of
the head of bacteriophage T4. Nature (London) 227:680–685.

25. Lin, F.-Y. C., J. G. Morris, Jr., D. Trump, D. Tilghman, P. K. Wood, N.
Jackman, E. Israel, and J. P. Libonati. 1988. Investigation of an outbreak of
Salmonella enteritidis gastroenteritis associated with consumption of eggs in
a restaurant chain in Maryland. Am. J. Epidemiol. 128:839–844.

26. Lindell, K. A., A. M. Saeed, and G. P. McCabe. 1994. Evaluation of resis-
tance of four strains of commercial laying hens to experimental infection
with Salmonella enteritidis phage type eight. Poult. Sci. 73:757–762.

27. Lister, S. A. 1988. Salmonella enteritidis infection in broilers and broiler
breeders. Vet. Rec. 123:350.

28. Mehlman, I. J., E. L. Eide, A. C. Sanders, M. Fishbein, and C. C. G. Aulisio.
1977. Methodology for recognition of invasive potential of Escherichia coli.
J. Assoc. Off. Anal. Chem. 66:546–562.

29. Novero, R. P., and E. K. Asem. 1993. Follicle-stimulating hormone-enhanced
fibronectin production by chicken granulosa cells is influenced by follicular
development. Poult. Sci. 72:709–729.

30. Pierschbacher, M. D., and E. Ruoslahti. 1984. Variants of the cell recogni-
tion site of fibronectin that retain attachment promoting activity. Proc. Natl.
Acad. Sci. USA 81:5985–5988.

31. Pierschbacher, M. D., and E. Ruoslahti. 1987. Influence of stereochemistry
of the sequence Arg-Gly-Asp-Xaa on binding specificity in cell adhesion.
J. Biol. Chem. 262:17294–17298.

32. Popiel, I., and P. C. B. Turnbull. 1985. Passage of Salmonella enteritidis and
Salmonella thompson through chick ileocecal mucosa. Infect. Immun. 47:
786–792.

33. Shivaprasad, H. L., J. F. Timoney, S. Morales, B. Lucio, and R. C. Baker.
1990. Pathogenesis of Salmonella enteritidis infection in laying chickens. I.
Studies on egg transmission, clinical signs, fecal shedding, and serologic
responses. Avian Dis. 34:548–557.

34. St. Louis, M. E., D. L. Morse, M. E. Potter, T. M. DeMelfi, J. J. Guzewich,
R. V. Tauxe, and P. A. Blake. 1988. The emergence of grade A eggs as a
major source of Salmonella enteritidis infections. New implications for the
control of salmonellosis. JAMA 259:2103–2107.

35. Thiagarajan, D., A. M. Saeed, and E. K. Asem. 1994. Mechanism of transo-
varian transmission of Salmonella enteritidis in laying hens. Poult. Sci. 73:89–
98.

36. Timmoney, J. F., H. L. Shivaprasad, R. C. Baker, and B. Rowe. 1989. Egg
transmission after infection of hens with Salmonella enteritidis phage type IV.
Vet. Rec. 125:600–601.

37. Yamada, K. M. 1983. Cell surface interactions with extracellular materials.
Annu. Rev. Biochem. 52:761–799.

Editor: P. E. Orndorff

VOL. 64, 1996 S. ENTERITIDIS-GRANULOSA CELL INTERACTIONS 5021


