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The adherence characteristics in vivo and virulence of two isogenic strains of Staphylococcus aureus differing
in fibronectin binding were compared in a rat model of catheter-induced infective endocarditis. No differences
were found between the two strains. The results strongly point to the multifactorial nature of bacterial ad-
herence to damaged heart valves and suggest that other binding functions can compensate for the lack of
fibronectin binding in S. aureus.

Infective endocarditis is strongly correlated with the preex-
istence of nonbacterial thrombotic endocarditis, indicated by
the presence of sterile vegetations on the heart valves. Vege-
tations are usually found on the left side of the heart affecting
the mitral and aortic valves and consist of platelets and fibrin
adherent to the subendothelial matrix as a result of endothelial
cell damage (23). Since circulating fibronectin, vitronectin,
plasmin, and other plasma proteins can bind to fibrinogen, the
composition of vegetations is very complex.
Bacteremia in patients with valvular vegetations can easily

lead to infective endocarditis (IE), and once attached to the
vegetations, the bacteria will propagate and stimulate enlarge-
ment of the vegetations (4, 18).
Main causative agents of IE are staphylococci. Staphylococ-

cus aureus has been reported to specifically bind to fibronectin

(5, 11, 20), fibrinogen (1, 14), collagen (2, 17), elastin (16),
laminin (22), prothrombin (1), vitronectin (3, 13), and throm-
bospondin (9). The identification of a fibronectin-binding pro-
tein on the surface of S. aureus and the presence of fibronectin
in the sterile vegetations and on the subendothelial matrix led
to the reasonable assumption that fibronectin binding is a
major factor contributing to IE caused by S. aureus (7). This
assumption was supported by a study by Kuypers and Proctor
(12) in which an S. aureus strain with reduced fibronectin-
binding capability showed reduced adherence to valvular veg-
etations. The degrees of virulence of two isogenic strains of S.
aureus, one carrying insertional inactivations of the genes en-
coding fibronectin-binding proteins, were compared in a rat
model of catheter-induced IE.
S. aureus 8325-4 has two closely linked genes for fibronectin

FIG. 1. Bacterial binding to fibronectin (A) and fibrinogen (B). Microtiter plates were coated with the indicated concentrations of fibronectin or fibrinogen, 5 3
106 CFU of radiolabelled S. aureus 8325-4 (E) or DU 5883 (F) was added, and the number of bound CFU was estimated.
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binding, fnbA and fnbB (10), that have been inactivated by
insertion mutagenesis (6). Both genes are expressed and both
contribute to the ability of 8325-4 to adhere to solid-phase
fibronectin (6). The fnbA fnbB double mutant, strain DU 5883,
was defective in adherence to fibronectin but not to fibrinogen
(Fig. 1). Bacteria were radiolabelled and grown in Luria-Ber-
tani medium containing 20 mCi of [3H]thymidine (Amersham,
Amersham, United Kingdom) per ml for 5 h. The specific
activity was 80 to 110 CFU/cpm. Microtiter wells (Costar,
Cambridge, Mass.) were coated with fibronectin (Sigma Chem-
ical Co., St. Louis, Mo.) or fibrinogen (Kabi, Stockholm, Swe-
den) at room temperature overnight and blocked with 2%
bovine serum albumin (ICN Biomedicals Ltd., High Wycombe,
United Kingdom) for 1 h. Bacteria (5 3 106 CFU) in phos-
phate-buffered saline with 0.05% Tween 20 were added to each
well and incubated for 2 h at 378C. The wells were washed, and
the numbers of adherent bacteria were estimated by scintilla-
tion counting. Different concentrations of bacteria yielded
equivalent results.
The two strains were also tested for their adherence to a

mixture of fibronectin and fibrinogen. The same steps were
followed as described above for the adhesion assay. However,
nonradiolabelled bacteria were used and the amount of adher-
ent microorganisms was determined in a microplate reader
(A405). This assay gave results comparable to those obtained by
the method described above. Briefly, bacteria were allowed to
adhere to microtiter wells that had been previously coated with
a constant amount of fibronectin (10 mg/ml) mixed with a
dilution of fibrinogen, ranging from 0.002 to 5 mg/ml. Nonad-

herent bacteria were washed away, and the amount of light
absorbance of the remaining bacteria was determined with a
microplate reader. This method yielded a satisfactory signal-
to-background ratio. With increasing fibrinogen concentration,
the difference between the two strains became smaller, and at
a fibrinogen concentration of '10% of the fibronectin concen-
tration, mutant strain DU 5883 reached the same level of
adherence as 8325-4, implying that fibrinogen is more efficient
than fibronectin in stimulating adherence of 8325-4 (Fig. 2).
We assume this is also the case in an in vivo setting.
The adherence of 8325-4 and DU 5883 to traumatized aortic

and nondamaged pulmonary heart valves was studied. Rats
were catheterized via the right carotid artery as described pre-
viously (8, 19). Twenty-four hours after catheterization, the
catheters were removed or left in place, and the animals were
challenged intravenously with inocula of gradually increasing
sizes.
The adherence capability of hematogenously spread bacteria

to traumatized heart valves was determined after 1 h. Secondly,
we determined the rate of infection and bacterial counts after
24 h, which is a measure of the ability of the bacteria to adhere,
propagate, and escape host defense mechanisms. To exclude a
possible difference in the clearance rates of strains 8325-4 and
DU 5883, two rats were injected intravenously with a 1:1 mix-
ture of 5 3 107 CFU of each strain. Blood cultures were then
taken every 10 min for 1 h from the right carotid artery. No
difference in the clearance rates of 8325-4 and DU 5883 was
detected.
The adherence ratio, defined as the number of bound bac-

teria per number of injected bacteria expressed as log CFU
values, was found to be the same for the two strains on the
aortic valve (P 5 0.3 at a challenge dose of 1.2 3 108 CFU;
P 5 0.1 at 5 3 106 CFU) and was independent of the number
of bacteria injected (Table 1). As expected, the adhesion ratio
was much lower for the pulmonary valve than for the aortic
valve, and no difference in the adhesion capabilities of the two
strains was found (P 5 0.07) (Table 1). In addition, the adhe-
sion ratios were not influenced by the presence of the catheter
prior to intravenous challenge (Table 1). Thus, it seems that
neither deposition of fibronectin on the catheter nor a dis-
turbed blood flow through the valves influenced the adherence
of the microorganisms.
Our results, indicating that there is no difference between

the mutant and its parent strain, are inconsistent with the
findings by Kuypers and Proctor (12), who used a transposon-
mutagenized strain with reduced adherence to fibronectin (21)
in a similar experiment. Deducing the adherence ratios from
the data in Kuypers and Proctor’s study and comparing it with
the ratios from our study can only be weak at best. The adher-
ence ratio of the fibronectin-binding strain of Kuypers and
Proctor was 21.87, or 1.3%. However, in our study, we gen-
erally found adherence ratios at the aortic valves that ranged

FIG. 2. Bacterial binding to fibronectin and fibrinogen mixed. Fibronectin
(10 mg/ml) mixed with fibrinogen at the indicated concentrations was used to
coat microtiter plates, 108 CFU of S. aureus 8325-4 (E) or DU 5883 (F) was
added, and the relative adherence was determined with a microplate reader
(A405). The means and standard errors (error bars) of triplicate determinations
are shown.

TABLE 1. Number of bacteria recovered from aortic and pulmonary valves of rats at 1 h postchallenge with different S. aureus strains

S. aureus
strain

Challenge dose
(log CFU)

Mean log CFU recovered 6 SE (adherence ratio)

Aortic valve Pulmonary valve

Catheter removed Catheter in place Catheter removed Catheter in place

DU 5883 6.70 1.90 6 0.17 (24.80) (n 5 16)
8325-4 6.70 2.26 6 0.10 (24.44) (n 5 12)

DU 5883 8.08 3.34 6 0.08 (24.74) (n 5 13) 3.43 6 0.11 (24.65) (n 5 9) 1.84 6 0.14 (26.24) (n 5 13) 1.91 6 0.19 (26.17) (n 5 9)
8325-4 8.08 3.11 6 0.20 (24.97) (n 5 14) 3.22 6 0.15 (24.86) (n 5 10) 1.42 6 0.18 (26.66) (n 5 14) 1.80 6 0.12 (26.28) (n 5 10)
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between 24.97 and 23.74 for DU 8553, 8325-4 (Table 1), and
several other strains (data not shown).
In another experiment, inoculum sizes of 4 3 104, 1 3 105,

and 33 106 CFU of both strains were used. The catheters were
removed before inoculation, and the animals were sacrificed 24
h postchallenge. The percentages of animals with endocarditis,
defined by culture-positive vegetations, were determined. The
rates of infection were similar for both strains in all experi-
ments (Fig. 3). The mean values of log CFU of the positive
vegetations, shown in Fig. 3, did not differ significantly between
the strains (P . 0.12).
In conclusion, fibronectin binding alone is not enough to

promote adhesion of S. aureus 8325-4 to heart valve vegeta-
tions. This finding indicates that bacterial adherence is a mul-
tifactorial event and that other binding functions, such as bind-
ing to fibrinogen, vitronectin, or thrombospondin, might
compensate for the lack of fibronectin binding. Elimination of
the clumping factor responsible for adherence to fibrinogen
was recently shown to reduce virulence in IE (15).
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FIG. 3. Rate of infection as a function of inoculum size. The percentage of
animals with endocarditis, defined as culture-positive vegetations, was plotted for
each inoculum size: 3 3 106 (A), 1 3 105 (B), and 4 3 104 CFU (C). The
numbers above the bars indicate the number of infected animals per the total
number of animals in a specific group. The numbers within the bars are mean log
CFUs and standard errors of culture-positive vegetations.
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