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Abstract

Inactivation of fibronectin (Fn) binding by insertional muta-
genesis of Streptococcus sanguis with Tn916 reduces virulence
of this bacterium in the rat model of infective endocarditis (IE).
Transconjugants were screened for Fn adherence using an
ELISA adherence test. One transconjugant had a decreased
adherence to immobilized Fn. Southern hybridization demon-
strated that the insertion occurred only once in this mutant.
The parent strain and mutant strain JL113 were used as chal-
lenge strains in a rat endocarditis model. These experiments
demonstrated that the mutant had a reduced ability (P < 0.05)
to produce TE. Spontaneous excision of Tn916 from JL113
produced strains identical to both the parental and mutant phe-
notypes. One strain (JLR-19) that retained the mutant pheno-
type and one (JLR-15) that regained the parental phenotype
for Fn binding were tested for their ability to produce IE.
These strains demonstrated that the ability to bind Fn and to
produce IE were correlated after Tn916 excision. The reduced
virulence of the mutant suggested that adherence of S. sanguis
to immobilized Fn plays an important role in the production of
IE. (J. Clin. Invest. 1990. 86:7-13.) Key words: endocarditis-
fibronectin * adherence * S. sanguis

Introduction

Streptococcus sanguis is a leading cause of both native valve
and late-onset prosthetic valve endocarditis (1-3). Recent re-
views suggest that bacterial adherence to certain blood compo-
nents or extracellular matrix proteins leads to the adherence
and colonization of bacteria to damaged valvular surfaces (4,
5). These blood components include laminin, collagen, plate-
lets, and fibronectin (Fn)' (6-9). Fn is found in plasma as a
soluble form and in tissue as a bound, immobilized form. We
have found previously that S. sanguis binds to a conforma-
tionally specific domain on the immobilized Fn molecule that
is not exposed by soluble Fn (7). These studies suggested that
S. sanguis could bind to Fn immobilized at sites of tissue
damage in the blood stream, and Fn therefore could act as a
tissue receptor for this bacterium. To test this hypothesis we
constructed a mutant that was defective in Fn binding. In this
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study we show that this mutant was less virulent in the rat
model of infective endocarditis (IE) than the parent strain that
bound Fn. This suggests a correlation between Fn binding in
the in vitro assays and the ability of S sanguis to adhere to
damaged tissues and produce TE in the animal model.

Methods

Bacteria. All streptococcal strains were grown in Todd-Hewitt broth
(Difco Laboratories Inc., Detroit, MI) for 18 h at 370C. Strains were
stored at -70'C until needed. Tetracycline (Tc) and streptomycin
(Sm) were added to media as required at concentrations of 5 and 500
Ag/ml, respectively. Enterococcusfaecalis CG110, which contains the
conjugative transposon Tn916, and Escherichia coil CG120, which
harbors the plasmid pAM120 that contains Tn916, were gifts from
D. B. Clewell (University of Michigan, Ann Arbor, MI). S. sanguis
Challis was obtained from R. J. Doyle (University of Louisville,
Louisville, KY) and was the primary organism used in this study (10).
This streptococcal strain does not harbor detectable plasmids and
causes experimental IE in rats. All Tn9l6 insertional mutants were
derived from a naturally occurring Sm-resistant mutant of S. sanguis
Challis, identified as 1C26 1. See Table I for a list of strains used in these
studies.

Adherence assays. Bacteria were harvested by centrifugation,
washed twice, and suspended in PBS (0.02 MP04 and 0.15 MNaCl,
pH 7.4). Suspensions were adjusted to the indicated optical density
values (530 nm) with a Coleman Junior II spectrophotometer (Perkin-
Elmer, Oak Brook, IL). Adherence assays were carried out on micro-
titer assay plates as previously described (7).

Mutagenesis. S. sanguis mutants were derived from matings with
E. faecalis CGI10, which harbors the conjugative transposon Tn9l6
(10, 1 1). Matings were carried out by mixing the recipients and donors
in a 10:1 ratio and plating a heavy slurry of this mixture on Todd-
Hewitt agar containing 5%sheep blood agar (SBA) at 370C overnight.
Cells were collected from the agar surface with sterile swabs and then
suspended in 1 ml of PBS. Serial dilutions were plated on SBA con-
taining the appropriate selective antibiotics. Transfer frequencies were
obtained by dividing the number of transconjugants by the number of
viable recipients. The average transposition frequency was l0-7.

Preparation of Fn. Humanplasma Fn was purified by affinity chro-
matography according to the method of Engvall and Ruoslahti (12) as
previously described (13, 14). Gelatin was obtained commercially
(Fisher Scientific Co., Pittsburgh, PA).

Preparation of antisera. Antisera directed against S. sanguis were
prepared by subcutaneous injection of NewZealand white rabbits in
the back of the neck with an inoculum of 0.5 ml of 1 X 108 CFU/ml in
PBS emulsified in Freund's complete adjuvant. Two subsequent
booster injections were given intravenously at 2-wk intervals with the
same number of bacteria in sterile PBS. Antisera were collected, as-
sayed for antibody titer, and stored at 4VC until needed.

Screen for S. sanguis with defective adherence to immobilized Fn.
Adherence assays were performed as previously reported (7). Briefly,
gelatin was immobilized onto microtiter plates (F16, high-binding,
microwell module; Nunc, Roskilde, Denmark) by adding 200 ,l of the
protein solution (50 ug/ml in 0.05 Msodium carbonate buffer, pH 9.6)
to each well and incubating the plates for 16 h at 4VC. Plates were
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Table L Strains of Bacteria Used in This Study

Strain and species Characteristics Source

CGI 10 E. faecalis Tn916 donor D. B. Clewell, University of Michigan
Challis S. sanguis Streptomycin sensitive R. Doyle, University of Louisville
IC261 S. sanguis Streptomycin resistant Challis This study
JLI 13 S. sanguis Tn9l6 mutant of IC26 1 that doesn't bind to Fn This study
JL211 S. sanguis Random Tn9l6 insertion of IC261 that binds to Fn This study
JLR- 15 S. sanguis JLI 13 with Tn9l6 excised (regained Fn binding) This study
JLR-19 S. sanguis JLI 13 with Tn916 excised (retained JLI 13 phenotype) This study

washed three times with PBS before use (all subsequent washes were
the same). Transconjugants were grown overnight at 370C in 1 ml
microfuge tubes and harvested by centrifugation for 10 min at 8,000
rpm in a Beckman-12 microfuge (Beckman Instruments, Inc., Palo
Alto, CA). Each bacterial pellet was resuspended in 0.5 ml of PBSand
50 ;l of this suspension was then added to an equal volume of PBS
containing Fn (100 Ag/ml). The bacterial-Fn mixtures were applied to
the assay plates (100 ul/well). Microtiter plates were incubated at room
temperature for 30 min with circular shaking. Nonadherent bacteria
were removed with several washes of PBS. Adherent bacteria were
fixed to the plates with a 15-min incubation at 60'C. After cooling to
room temperature, a 1:200 dilution of antisera against S. sanguis (in
PBS with 5% BSA) was added to each well and incubated for 1 h at
370C. Plates were washed with PBSand a 1:1,000 dilution (in PBSwith
5%BSA) of peroxidase-labeled goat anti-rabbit IgG (Cooper Biomedi-
cal Inc., Malvern, PA) was applied and incubated for 1 h at 370C.
O-Phenylenediamine was used as the chromophore and the color was
allowed to develop for 30 min, after which the A450 was measured with
a MicroELISA reader (Dynatech Corp., Alexandria, VA).

Cultures of transconjugants that were identified as nonadherent
were reassayed on three separate occasions. The stability of the nonad-
herent phenotype was then verified by plating each culture and per-
forming independent adherence experiments on 20 colonies of each
presumed mutant. In addition, since the anti-S. sanguis antibody used
in this assay was directed against the parent, a particle ELISA was
conducted to determine that the antibody activity against the selected
transconjugants, mutant, and parent were the same (15). These tests
verified that reactivities were the same for all organisms used in this
study. Initial studies showed that the absorbance values measured were
directly related to the number of adherent bacteria. The absorbance
increased proportionately when the concentration of bacterial suspen-
sions increased from an optical density of 0.1 to 0.4 (530 nm) and then
became saturated at higher bacterial concentrations. Controls in each
assay included the parent S. sanguis and E. faecalis CGl 10 strains.

Production of experimental endocarditis. The technique used to
produce experimental endocarditis in rats was adapted from Santoro
and Levison and has been previously used in our laboratory (16, 17).
Briefly, a polyethylene catheter (Intramedic PEI0; Clay Adams, Par-
sippany, NJ) was inserted into the left ventricular lumen via the right
common carotid artery and secured. 48 h later the animals were chal-
lenged by intravenous injection. The rats were killed 4 d later and the
hearts and indwelling catheters were resected for microbiologic analy-
sis. No antibiotics were administered during the course of catheter
insertion or after the challenge of bacteria.

Vegetations from each animal were pooled, weighed (wet), and
homogenized with a sterilized mortar and pestle in I ml of PBS. After
homogenization, the vegetation suspension was diluted in PBS and
plated onto SBA for quantitative colony counts. The remaining por-
tion of the suspension that was not used in the quantitation procedure
was cultured in Todd-Hewitt broth overnight at 370C.

Indwelling catheters were resected and placed into tubes containing
Todd-Hewitt broth overnight at 370C for qualitative cultures. No
quantitative cultures of the catheters were performed.

Chromosomal DNAisolation. Chromosomal DNAfrom S. sanguis
was prepared from overnight cultures. The cells were pelleted by cen-
trifugation for 10 min at 12,000 g, after which the cells were washed
twice with PBS. The final pellet was resuspended in 5 ml of TE (10 mM
Tris, pH 8.0, and I mMEDTA). To this solution, 1,000 Uof mutano-
lysin (Sigma Chemical Co., St. Louis, MO) was added and incubated
for 2-3 h in a 550C water bath. After this incubation was complete 0.5
ml of 10% SDSwas added with gentle mixing. The mixture was then
incubated for 10 min in a 550C water bath or until lysis was complete.
DNA was extracted with phenol and chloroform according to the
method of Maniatis et al. (18). The DNAwas then precipitated with
ethanol and resuspended in TE buffer.

Plasmid pAM120, the probe for Tn916, and the chromosomal
DNAswere digested with Hind III as recommended by the manufac-
turer.

Hybridization. DNAhybridizations were performed by the method
of Southern (19) with the modifications of Wahl et al. (20). Briefly,
hybridizations with the labeled probes were carried out in 50% form-
amide for 20 h at 420C. Filters were then washed once in 2X SSC(I X
SSCis 0.15 MNaCl, 0.01 5 MNa citrate, pH 7.4) containing 0.1% SDS
at room temperature, twice in 6X SSC, 0.1% SDSat 650C for 30 min
each, and once in 2X SSC, 0.1% SDSat 650C for 15 min. Probes were
nick translated with [32P]dCTP using a nick translation kit (Bethesda
Research Laboratories, Gaithersburg, MD) and following the manu-
facturer's instructions. Filters were dried and used to expose a sheet of
X-Omat R film (Eastman Kodak Co., Rochester, NY) at -700C. Typi-
cally, an exposure of 24-36 h was sufficient to see the labeled bands.

Electron microscopy. Samples of bacteria to be examined for the
presence of fibrillar structures were applied to Forvar-coated copper
grids and negatively stained with 0.5% phosphotungstic acid (pH 4.0).
Bacteria to be examined for exopolysaccharides were fixed in 5% glu-
taraldehyde in 0.1 mMcacodylate buffer containing 0.15% ruthenium
red (pH 7.0) for 2 h at 20°C. Specimens were washed five times in
buffer containing 0.5% ruthenium red, fixed for 2 h at 200C in 2%
OSO4, and washed several times in the cacodylate buffer. Washed
specimens were dehydrated through a graded series of acetone, em-
bedded in Vestopal W, and sectioned. Electron micrographs were
made using an EM6B electron microscope (AEI Scientific Instru-
ments, Inc., Elmsford, NY).

Twitching. Bacteria to be examined for twitching or spreading were
inoculated on Todd-Hewitt agar containing 5% sheep blood so as to
obtain single colonies (21). Plates were incubated at 35°C for 5 d in a
closed, humid container. Plates were then examined for the presence of
spreading colonies using a dissecting microscope.

Biochemical and growth characterization of bacterial isolates. A
series of biochemical tests were performed to confirm the identity of
the parent and mutant phenotypes used in this study. The classifica-
tion scheme of Facklam was used for the differentiation of viridans
streptococci in conjunction with biochemical tests and growth charac-
teristics (22).

Briefly, bacteria were tested for hydrolysis of arginine and esculin,
the production of acid from inulin, lactose, sucrose, raffinose, and
trehalose, and growth tolerance to 6.5% NaCl and 0.1% tetrazolium
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medium. In addition, colonial morphology and hemolytic characteris-
tics were determined after overnight growth on 5%SBA. Extracellular
polysaccharide production was tested by growing the bacteria on
Todd-Hewitt agar supplemented with 5%sucrose and in Todd-Hewitt
broth supplemented with 5%sucrose.

Growth characteristics were performed by inoculating each organ-
ism into Todd-Hewitt broth at 108 CFU/ml. Plate counts were done to
determine the number of viable bacteria per milliliter in each dilution.
Optical density values of a 1:10 dilution of each organism were taken at
530 nmon a Junior II spectrophotometer (Coleman) over a period of
several hours until the stationary phase was reached. Growth curves
were plotted according to absorbance or viable bacteria versus time.

Statistical evaluation. Differences between the proportion of ani-
mals infected by different challenge inocula were analyzed by the X2
test. Differences in mean vegetation weights and mean vegetation bac-
terial concentrations were evaluated by use of the t test for unpaired
data.

Results

Insertional mutagenesis of Streptococcus sanguis with TnJ96.
In three separate mating experiments we found that CG110
transferred Tc resistance to strain 1C261 at a frequency of 1
per 107 live recipients. This frequency was 1,000-fold higher
than that found for naturally occurring Tc resistance when this
strain was tested in control experiments. 5,000 colonies were
selected from these mating experiments and tested for their
ability to bind to immobilized Fn. Screening of these colonies
produced one strain (JL1 13) that consistently exhibited re-
duced adherence to Fn. In adherence tests, JL 113, the mutant
strain, adhered less to immobilized Fn than did the parent
strain, 1C26 1 (Fig. 1). Even with increasing bacterial concen-
tration, JL1 13 adhered less than IC26 1. The control strain,
JL2 1 1, a transconjugant, was randomly picked from the mat-
ing experiments and exhibited equivalent binding to immobi-
lized Fn as did the parent strain (Fig. 2). These results indicate
that random insertion of Tn9 16 and/or growth in Tc-contain-
ing media are not responsible for the observed decrease in Fn
binding ability by the mutant strain JLl 13. Therefore, the
reduced binding was specific for the site of Tn916 insertion.

Morphological, biochemical, and growth characterization
of 1C261 and JL113. The phenotypes of the parent, 1C26 1,
and the mutant, JL1 13, were compared for differences in mor-
phological, biochemical, and growth characteristics. These
measurements were conducted to determine if major differ-
ences existed between these two phenotypes other than their
ability to bind to immobilized Fn. If the insertion of Tn916 has

Figure 1. Comparison0.8 - of IC261 and JL113
ffi 0.6 =/ adherence to immobi-a 0.6 lized Fn. Bacteria were
O 0.4 ,/ allowed to adhere to0.4-

gelatin-coated microdi-
1 0.2 - lution wells (50 jig/ml)

in the presences of Fn
0.0 , (50 jg/ml). Strain

0 5 10 15 20 25 1C261 (i) adherence to
Number of Bacsia Added (x106) Fn increased signifi-

cantly (P < 0.05) with
increasing numbers of bacteria as compared with JLl 13 (*). The
number of bacteria added to the microtiter plates was determined by
viable plate counts. The vertical lines at each point indicate SEM(n
= 4).
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Figure 2. Comparison of the ad-
herence for the transconjugant
JL21 1, the parent lC261, and the
mutant JLl 13 to immobilized Fn.
Bacteria were washed and ad-
justed to an A530 of 0.4. The bac-
teria were added to microtiter
wells (100 ,ul/well). The adherence
of JL2 1 I and 1C261 are signifi-
cantly different from JL1 13 (P
<0.001).

affected the Fn-binding ability of JL1 13, the same insertion
may also affect other processes, which in turn may affect the
virulence of JL1 13.

When JL1 13 and 1C261 were grown on 5% SBA, they
formed alpha-hemolytic, pinpoint, round colonies. Neither
phenotype would grow on 6.5% NaCl agar or 0. 1%tetrazolium
media. Using electron microscopy, both JL1 13 and lC261 had
a similar appearance when examined for extracellular poly-
saccharides by ruthenium red staining and for fibrillar struc-
tures by negative staining. The production of extracellular
polysaccharides was further demonstrated by growing both
phenotypes on 5%sucrose agar and broth. In each case, JL1 13
and 1C261 produced extracellular polysaccharides. The pres-
ence of fibrillar structures on both phenotypes was further
evident by the demonstration of the twitching phenomenon
when each phenotype was grown under high humidity for sev-
eral days.

Each phenotype was tested for a series of biochemical reac-
tions that are outlined by Facklam and are used to differentiate
viridans species (22). JLl 13 and lC261 both produced acid
when grown on sucrose, lactose, trehalose, and inulin. Neither
phenotype, however, produced acid from mannitol or raffin-
ose media. Both phenotypes hydrolyzed arginine and esculin.
Finally, both phenotypes serologically reacted with group H
antisera. Using these morphological and biochemical charac-
teristics, both phenotypes were identified as S. sanguis type I.

Growth curves were performed on both JLl 13 and 1C26 1
to determine if a difference existed in their growth rates. In
general, both had similar growth curves; however, JL1 13
reached early stationary phase slightly faster than 1C26 1. Both
phenotypes had a lag phase of 1 h. Each reached mid-exponen-
tial phase by 3.5 h, with a viable cell count of 4.3 X 109 CFU/
ml for 1C261 and 1.7 X 109 CFU/ml for JL1 13. Finally, JL1 13
reached early stationary phase by 4.7 h, with a viable cell count
of 2 X 109 CFU/ml, and lC261 reached early stationary phase
at 5.25 h, with a viable cell count of 6.4 X 109 CFU/ml. These
data suggest that JL1 13 and lC261 are the same in the 19
morphological and biochemical characteristics measured.
These measurements suggest that the insertion of Tn916 in
JL1 13 may not affect a global regulatory gene and may be
limited to affecting the Fn-binding ability of this phenotype.
Although these tests are limited, further work will better define
the insertion site of Tn916 and the genes affected by its inser-
tion.

Southern hybridization of JL113 DNA. Fig. 3 shows the
patterns obtained when Hind III-digested chromosomal prep-
arations of the strains used in these studies were probed with
pAM120. Since the transposon Tn916 contains one Hind III
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predicted from published restriction maps of Tn9 16, indicat-
ing a single insert (10, 11).

Endocarditis studies with the rat model. Once the in vitro
Fn-binding properties of 1C261 and JL1 13 were established,
these strains were examined in an animal endocarditis model.
Animals were challenged with three different inocula at 105,
106, and 107 CFU/ml. Bacterial virulence was monitored by
four parameters: vegetation infection rate, vegetation weight,
number of organisms per vegetation, and catheter infection
rate. All animals challenged with IC261 had infection rates of
90% or greater for the resected vegetations (Fig. 4). Even at the
lowest inoculum of 101 CFU, the infection rate was 92% for
1C26 1. In contrast, the mutant strain, JL1 13, had a 20% in-
fection rate when challenged at the highest concentration.
None of the animals injected with JL1 13 were infected at
lower inocula (105 and 106 CFU).

Differences were also observed in the virulence of the pa-
rental and mutant strains as measured by vegetation weights.
Rats injected with 1C261 had significantly larger vegetations
(P < 0.001) than did JL1 13 at all three inocula (Fig. 4). More-
over, the number of viable bacteria per vegetation was signifi-
cantly greater (P < 0.001) for 1C261 as compared with JLl 13
at all three challenge inocula (Fig. 4). These data indicate that
JLl 13 has lost an important virulence factor.

Positive vegetation cultures from rats infected with JL1 13
were examined to determine if the transposon was in its origi-
nal location within the chromosome. Attempts to isolate or-
ganisms were difficult due to the low infectivity rate of JLl 13
and the very low numbers of bacteria that could be recovered
from the vegetations (Fig. 4). To overcome this problem, a
series of three rats were challenged with JL1 13 at an inoculum
of 108 CFU/ml. Only one rat developed IE that cultured posi-
tive for JLl 13, and two isolates from the vegetation were ex-

a

10
0

I.-

0
0R
00

0

I.

U0
A

Uc

Figure 3. Autoradiogram obtained after Southern transfer of Hind
III-digested chromosomal DNAafter hybridization with 32P-labeled
Tn9l6 probe DNA. Lanes A-E contain DNA( 1-1.5 ,ug) from
lC261, JL1 13, JL21 1, JLR-15, and JLR-19, respectively. Arrows de-
note the two junction fragments at JL 1 13 and Tn9 16. Lane F con-

tains DNAof the pAM120 probe.

site, a single insertion should produce two fragments that hy-
bridize with pAM120 (10, 1 1). Lane B shows the pattern ob-

tained from JLl 13. Two fragments with apparent sizes of 7.8
and 14.5 hybridize strongly to pAM120. These results suggest
that Tn9 16 is inserting randomly into the chromosome of S.

sanguis Challis and show that the randomly selected control
strain, JL21 1 (lane C), has inserts at sites different from JL1 13.
No bands that hybridized with IC261 (lane A) could be de-
tected in this experiment. To determine whether JLl 13 con-

tained a single Tn916 insertion as suggested by Fig. 3, lane B,
further hybridizations were carried out with JL1 13 DNAthat
had been digested with Eco RI and Sst I (data not shown). In
each case, the hybridizations showed the number of bands
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Figure 4. Comparison
of lC261 and JL 13
virulence in the animal
model of endocarditis
at three different inoc-
ula. The parameters of
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include infection rates
of resected catheters
and vegetations, vegeta-
tion weights, and num-

ber of bacteria per vege-
tation. Solid bars repre-
sent 1C261 and open
bars represent JL1 13.
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umns in the character-
ization of vegetation
graphs indicate SEM.
Each group contained
at least six animals.
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amined by Southern hybridization as previously described.
Both isolates contained one copy of Tn916 with the same
banding pattern; however, the banding pattern was different
from that of JL1 13 (a non-animal passed strain). The different
pattern suggests that Tn916 moved from the original location
and the isolates reverted to the parental phenotype with the
ability to adhere and cause IE.

To determine whether the differences observed between
JL1 13 and the parent might be due to the presence of Tn9l6
insertion or the Tc resistance, another Tn916 recipient, JL211,
was used in the in vitro adherence assay and the animal model.
Fig. 5 shows the adherence results, obtained for the control
strain JL211 compared with strains IC261 and JLl 13. When
the JL211 transconjugant was injected into rats at an inocu-
lum of 106 CFU, no differences were detected in the ability of
JL211 to cause infections when compared with the parental
organism IC261 (Fig. 5). Significant differences were apparent
between JL2 11 and the mutant JL1 13 when comparing infec-
tion rates for catheters (80 and 20%, respectively) and vegeta-
tions (100% vs. 0). Likewise, in comparison to JL1 13 the vege-
tations were larger from rats infected with the JL2 11 strain (P
< 0.011) and the numbers of bacteria recovered from infected
vegetations were greater (P < 0.001). These data demonstrate
that neither insertion of Tn916 into a silent location nor
growth and maintenance of the transconjugants on Tc were
responsible for the diminished virulence demonstrated by
JLI13.
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Excision of Tn916from JL1 13. Previous investigators have
shown that Tn916 excises from chromosomes in the absence
of Tc (10, 11). Spontaneous excision of Tn916 can occur either
as a precise event that restores the parental phenotype or as an
imprecise event that maintains the mutant phenotype (11).
Therefore, JL1 13 was grown without Tc and plated onto SBA,
and individual colonies were screened for the loss of Tc resis-
tance. Screening produced two strains, JLR-15 and JLR-19,
which were Tc sensitive. These two strains were screened for
their ability to bind to Fn as previously described. Wefound
that JLR- 15 had regained the ability to bind to Fn, while
JLR-19 retained the mutant phenotype of JLl 13 (data not
shown).

Southern hybridization demonstrated that Tn916 was lost
from both JLR-1 5 and JLR-19. The pAM120 probe for Tn916
reacted with JL113 but not with JLR-15 or JLR-19 (Fig. 3,
lanes B, D, and E, respectively). In addition, both JLR-1 5 and
JLR-19 retained the parental phenotypic marker of Smresis-
tance.

Once the excision of Tn916 was confirmed and the adher-
ence phenotypes were characterized, these isolates were then
tested for their virulence properties in the animal endocarditis
model. At two different inocula the virulence of JLR-1 5 was
similar to the virulence of the parent strain, lC261 (Fig. 6). In
contrast, JLR-19 was avirulent at both inocula (Fig. 6). Even
with the highest inocula (108 CFU), JLR-19 was significantly
less virulent than JLR-1 5, as reflected by the vegetation weight
and the number of viable bacteria per vegetation (P < 0.053
and P < 0.001, respectively). These data suggest that the origi-
nal insert in JL1 13 was responsible for both the loss of Fn
binding and the decreased virulence of this isolate.
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Figure 5. Comparison of
virulence of JL21 1, 1C26 1,
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Discussion

Adherence of bacterial pathogens to host tissues is considered
an early, critical step in the infectious process (23, 24). The
studies presented herein suggest that S. sanguis must interact
with Fn immobilized on the damaged endocardial surface to
produce IE in this animal model. Previous work from our

laboratory (7) showed that this strain of S. sanguis could bind
to immobilized Fn in the presence of soluble Fn and suggested
that S. sanguis might be able to utilize this conformationally
sensitive receptor to adhere to immobilized Fn in the presence

of whole blood (7). This observation prompted the present
studies, which were designed to determine if mutants with
diminished binding to Fn also caused less disease in the animal
model of endocarditis. It is clear from our results that JL1 13 is
less pathogenic than either the parent (1C26 1) or the revertant

(JL-15).
Prior damage to the endocardium predisposes patients to

IE (25, 26). This observation suggests that molecules either
exposed by trauma or deposited at the site of trauma could
function as specific receptors for the adherence of bacteremic
pathogens that are responsible for IE. Fn is present both in the
extracellular matrix and in the thrombi that form at the site of
intravascular trauma (27, 28). Thus, Fn is in the proper loca-
tion to function as a bacterial receptor. Fn is also implicated as

a tissue receptor for such diverse organisms as Staphylococcus
aureus (29, 30), Streptococcus pyogenes (13, 31), Treponema
pallidum (32), and Trypanosoma cruzi (33). The mechanisms
of binding appear to be unique in each of these cases involving
unrelated bacterial molecules that bind to unique domains on

the Fn molecule (34).
Recent studies reported by Kuypers and Proctor support

the hypothesis that Fn functions as an important adherence
determinant for IE (35). In these studies, the authors reported
that a mutant of Staphylococcus aureus bound less Fn than the
parental organism. Using an animal model similar to the one

used in our studies they were able to show that the mutants
adhered less avidly to the left (catheter damaged) side of the
heart than did the parent strain. The mutation present in the
nonbinding strain could be cotransformed with Tn916 into
the parent. These data, when combined with those of the pres-
ent study, strongly suggest that Fn plays a critical role in pro-
moting the adherence of these two frequent pathogens to trau-
matized endocardial tissues and the production of IE.

Vercellotti et al. demonstrated that certain gram-positive
cocci (including S. aureus and S. sanguis) that bind to Fn-
coated surfaces also adhere to endothelial cell surfaces (36).
These same gram-positive bacteria commonly cause IE. In
contrast, gram-negative bacteria like E. coli, Klebsiella pneu-
moniae, and Enterobacter cloacae, which rarely cause IE, were

demonstrated to bind poorly to Fn-coated surfaces and endo-
thelial cells (36). Vercellotti suggested a correlation between
bacterial adherence to Fn-coated surfaces and to endothelial
cells, indicating that Fn might be important for bacterial ad-
herence to damaged endothelial surfaces (36). Scheld et al.
made a similar observation that the propensity of an organism
to cause IE was closely related to the ability to bind to Fn (37).
For example, endocarditis-producing strains like S. aureus and
S. sanguis bound significantly more Fn than did E. coli and
Pseudomonas aeruginosa, which rarely produce IE except in
intravenous drug addicts (28). Durack and Beeson also deter-
mined that certain gram-negative bacteria, which frequently

cause bacteremia, rarely produce IE, while gram-positive cocci
that cause bacteremia commonly produce IE (38, 39). To-
gether, these data support the suggestion that Fn mediates the
adherence of certain endocarditis-producing strains like S.
sanguis to damaged valvular tissue.

While these studies highlight the importance of specific
tissue receptors, additional work is needed to identify the spe-
cific bacterial adhesins involved in these interactions. Several
distinct mechanisms could produce mutants with phenotypi-
cally altered Fn-binding characteristics. Mutations that alter
the transport of surface molecules, affect the regulation of-Fn-
binding molecules, and alter the expression of capsular anti-
gens or other factors (such as hydrophobicity) could all con-
ceivably produce similar phenotypes. At the present time we
have not determined that the transposon has disrupted a gene
that is directly responsible for Fn binding. More detailed stud-
ies on the proposed Fn adhesin of S. sanguis are needed to
understand the molecular events involved in the reduced bind-
ing to Fn and to determine their relationship to the reduced
virulence of this mutant.
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