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The abilities of a parent and mutant pair of Staphylococcus epidermidis strains, the slime-producing parent
RP62A and its slime-negative mutant, to establish endocarditis in a rabbit model of aortic valve endocarditis
and to accumulate and adhere to surfaces in vitro were compared. Vegetation titer and infection rate depended
on the presence or absence of a catheter (P = 0.020) and on inoculum size (P < 0.001) but not on the infecting
strain. The ability of the parent strain vis-a-vis its mutant to accumulate in vitro on surfaces as demonstrated
in a slime test did not correlate with any enhancement in the development of endocarditis in the rabbit model.
In vitro initial adherence rates were identical. Both isolates accumulated to the same reduced extent in vitro
in the presence of serum, albumin, or gelatin. Adhesion was equally promoted by addition of fibronectin. These
data suggest that the in vitro phenomenon of accumulation described as slime production in the absence of
serum may not be an important virulence determinant in vivo.

Coagulase-negative staphylococci (CoNS), especially Staph-
ylococcus epidermidis, are important causes of foreign-body
infections (13, 22). It is generally assumed that the ability of
S. epidermidis to adhere to and grow on polymer surfaces is
related to production of an extracellular slime substance (2, 3,
20, 21). Series of reports claim an association between attach-
ment to medical devices, slime production, and the pathogen-
esis of infection with CoNS of patients with indwelling medical
devices (4, 12, 30). We define adherence as the initial step that
allows the bacteria to anchor to the foreign body. Initial ad-
herence may or may not be followed by an accumulation step
that permits the formation of multilayers of colonies embed-
ded in the glycocalyx or slime, anchored to the foreign-body
surface. It has been speculated that the difficulty in eradicating
CoNS foreign-body infections is due to slime production and
that slime production can be used as a marker of pathogenicity
(6). However, other reports claim that adherence and slime
production play little or no role in the clinical outcome of
infections (7, 14, 15, 19, 28). Fibronectin has been shown to be
one of the major targets of Staphylococcus aureus in trauma-
tized tissue, and microbial adhesion to fibronectin in vitro
correlates with the production of endocarditis in rabbits (23).
Unlike with S. aureus, interaction of CoNS with host-derived
adhesins has not been well characterized. S. epidermidis binds
to fibronectin-coated biomaterial but less avidly than S. aureus.
It also recognizes the 29-kDa N-terminal fibronectin fragment
that contains the primary S. aureus binding domain as well as
laminin, vitronectin, and collagen (10, 26, 27).

We investigated the role of slime as a virulence factor in a
rabbit model of aortic valve endocarditis with a parent and
mutant pair of S. epidermidis strains that differ in their abilities
to produce slime in vitro: slime-positive RP62A (3) and its
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slime-negative, adhesion-positive, accumulation-negative mu-
tant M7 (11, 24). Whether pathogenicity in vivo correlated with
slime production in vitro was examined. The abilities of the
strains to bind to microtiter wells in the absence and presence
of serum or proteins in serum and their growth kinetics were
compared.

MATERIALS AND METHODS

Bacterial strains. S. epidermidis RP62A (ATCC 35984) was kindly provided by
G. Christensen, University of Missouri, Columbia. This strain is a known slime
producer (3). The mutant strain M7 was obtained after chemical mutagenesis of
S. epidermidis RP62A. The strains have been extensively characterized previously
(11, 24).

Growth conditions and assessment of initial adherence. Initial bacterial ad-
herence was assessed by ATP bioluminescence (17). Briefly, bacteria grown on
blood agar (Oxoid, Wesel, Germany) for 18 h at 37°C were suspended in phos-
phate-buffered saline (PBS; pH 7.2), adjusted to a final concentration of approx-
imately 10° CFU/ml, and enumerated by colony counts on blood agar. Aliquots
(200 pl) were placed into the wells of 96-well polystyrene tissue culture plates.
All incubation steps were performed at room temperature. The plates were
either directly incubated with the bacterial suspension as a blank or incubated
after being coated with albumin (50 mg/ml), gelatin (20 mg/ml; Serva, Heidel-
berg, Germany), or pooled human serum (20%) in PBS for 1 h to suppress
nonspecific adhesion. The coating solutions were then carefully aspirated, a
fibronectin solution (20 pg/ml; Serva) was added for a further hour, and the
mixtures were again aspirated. The bacterial suspension was carefully layered on
blank or coated plates, which were then incubated for 90 min. Thereafter, the
wells were washed three times with PBS. Two hundred microliters (2.5%, wt/vol)
of trichloracetic acid was then added to each well to extract bacterial ATP and
to inactivate ATP-degrading enzymes. The amount of ATP released was mea-
sured by an LKB-Wallac (Turku, Finland) model 1251 luminometer with ATP-
monitoring reagent and ATP-Standard (LKB-Wallac). The amount of ATP in an
extract of the original bacterial suspension in PBS of known CFU per milliliter
(in linear dilutions) was used to generate a standard curve and to calculate the
amounts of adherent bacterial cells. The mean value of five measurements per
sample was taken as the final result. The experiments were repeated at least
twice.

Accumulation assay. Bacterial growth in liquid culture and on a glass surface
was assessed by sonication and by counting viable cells after serial dilutions were
plated. Bacteria grown on blood agar for 18 h at 37°C were inoculated into PBS
at a concentration of 2 X 10° CFU/ml. One milliliter of this suspension was
added to 9 ml of tryptic soy broth (TSB) or TSB plus 20% human pooled serum
in 25-ml glass beakers. Immediately and hourly thereafter for 8 h, and again after
24 h, the contents of the beakers were poured into centrifugation flasks. For
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TABLE 1. Numbers of rabbits infected and their vegetation
titers after a 24-h infection for all inocula

No. of rabbits
showing infection/
Test total no. of rabbits

Mean vegetation titer
(log,o CFU/g) + SD? of rabbits (1)
showing infection with:

parameter infected” with:
Parent Mutant Parent Mutant
Catheter in 10/15 11/15 49 = 1.4* (10) 5.1 = 1.5%* (11)
Catheter out 5/8 4/8 2.8 = 1.4*(5) 2.7 £ 1.1** (4)
Catheter in 15/23 15/23 42+ 1.7 (15) 4.4 =18 (15)
and out

“ Mean inocula were 5.8 = 1.2 CFU (n = 3) for the parent and 5.9 = 1.5 CFU
(n = 3) for the mutant.
b *P < (.02 by unpaired ¢ test; **P < 0.02 by unpaired ¢ test.

collection of residual nonadherent cells from the beakers, the beakers were
washed twice with 5 ml of PBS. The suspension was centrifuged for 5 min at
6,000 X g, and the pellet was then resuspended in 10 ml of PBS and the number
of its CFU per milliliter was determined by serial dilution and plating. The
washed beakers were filled with 10 ml of PBS and sonicated twice over ice for
45 s at 80 W (model 250 sonifier; Branson, Stuttgart, Germany) to release the
glass-surface-adherent bacteria, which were then assessed as described above.
The inner surface of each beaker was calculated to be approximately 10 cm?,
allowing a direct correlation between CFU per milliliter and CFU per square
centimeter.

Endocarditis model. The inoculum was prepared from an overnight culture in
TSB incubated at 37°C. Cells were harvested by centrifugation and resuspended
in sterile 0.9% NaCl, and serial 10-fold dilutions over the range of 10* to 10°
CFU/ml were prepared for injection. The number of CFU at each dilution was
measured by quantitative culture.

To establish endocarditis, a polyethylene catheter was advanced via the carotid
artery, positioned across the aortic valve, and secured in place. Twenty-four
hours later, 1 ml of cell suspension was injected intravenously through a marginal
ear vein. Eight rabbits for each strain had their catheters removed just before
injection of bacteria. Twelve or 24 h later, rabbits were euthanized. Aortic valve
vegetations were removed and quantitatively subcultured onto blood agar to
determine the numbers of organisms remaining in vegetations. The number of
organisms remaining in the vegetation of each rabbit, the vegetation titer, was
expressed as log;, CFU per gram of vegetation. Data were analyzed by analysis
of variance to determine statistically significant differences, defined as a P of
<0.05.

RESULTS

Vegetation titer depended on the presence or absence of a
catheter (P < 0.02) and inoculum size (P < 0.001 by analysis of
variance) but not on the infecting strain (P = 0.984 by analysis
of variance) (Tables 1 and 2). The 50% infective doses of CFU,
approximately 10°, were similar for the two strains.

An inoculum of 2 X 10° CFU of each strain was adminis-
tered to two groups of 10 rabbits with catheters left in place to
determine whether levels of infectivity might differ between
strains at approximately the 50% infectious inoculum. Vege-

TABLE 2. Numbers of rabbits infected and their vegetation
titers after a 24-h infection as functions of inoculum

No. of rabbits
showing infection/
total no. of rabbits

infected with:

Mean vegetation titer
(log;o CFU/g)* = SD of rabbits (n)
showing infection with:

Inoculum
range
(log,, CFU)

Parent Mutant Parent Mutant
7.0-8.0 4/4 5/6 5.8*+14(4) 5.8+ 0.6(5)
6.0-6.9 5/8 5/6 49 +0.8(5) 51*+1.6(5)
5.0-5.9 2/4 4/6 2.6*+02(2) 24 +1.0(4)
4.0-4.9 3/6 1/4 31+1.6(3) 2.7(1)
<10* 1/1 0/1 1.4 (1) <1(1)

“ Differences in vegetation titers depended on the inoculum (P < 0.001) but
not the strain (P > 0.5) by analysis of variance.
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TABLE 3. Results of a single low-inoculum experiment in which
rabbits with catheters left in were euthanized and vegetations
were obtained 12 h after infection

. . Mean vegetation titer
Inoculum No. of rabbits showing
Strain (log,, CFU) infection/total no. of (logg)bEFU/g)ht S.D of
(10%) rabbits infected rabbits () showing
infection
Parent 2 8/10 34+18(8)
Mutant 2 9/10 34+1.6(9)

tations were removed 12 h after inoculation to assess whether
slime production might be associated with differences in levels
of adherence early in infection. Eight rabbits infected with the
parent strain had detectable organisms within vegetations ver-
sus nine rabbits infected with the mutant (Table 3). Vegetation
sizes and bacterial densities were virtually identical for the two
groups.

In order to understand the lack of difference in levels of
infectivity between these strains, we investigated their growth
kinetics on glass surfaces (Fig. 1) and in a broth suspension
(Fig. 2) in the presence and absence of serum. In the absence
of serum, the growth kinetics of the parent and mutant on glass
showed a marked difference. The number of CFU of the par-
ent strain, RP62A, steadily increased when the strain was re-
covered from the surface (Fig. la), whereas the number of
CFU of the mutant strain, M7, after initial adherence to the
surface did not increase (Fig. 1b). Strain M7, however, was
recovered from the broth (Fig. 2b). In the presence of serum,
however, this difference in levels of surface accumulation was
abolished, with both strains being recovered in equivalent
numbers from the glass surfaces of the beakers.

The numbers of CFU of both isolates adhering to microtiter
plates, as measured by the bioluminescence assay, were dras-
tically reduced in the presence of serum, gelatin, or albumin
compared to the number of CFU adhering to noncoated poly-
mer, which was considered 100% adherence (Table 4). This
technique has previously been shown to correlate with fluores-
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FIG. 1. Growth kinetics of the parent strain S. epidermidis RP62A (a) and
mutant M7 (b) on a glass surface. —, growth in the presence of 20% human

pooled serum; ===, growth in the absence of serum. The vertical bars indicate
deviations between results of two experiments; the numbers of CFU were de-
termined five times in each experiment.
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FIG. 2. Growth kinetics of S. epidermidis RP62A (a) and mutant M7 (b) in

TSB. —, growth in the presence of 20% human pooled serum; mm=, growth in

the absence of serum. The vertical bars indicate deviations between results of two
experiments; the numbers of CFU were determined five times in each experi-
ment.

cence microscopic examination (17). Over a 90-min period, the
numbers of CFU adhering to the polymer did not differ be-
tween the parent and mutant strains. The addition of fibronec-
tin to serum in the assay enhanced the level of adherence by
threefold. The addition of antifibronectin antibodies blocked
adherence by 50% (data not shown), suggesting the presence
of fibronectin-binding sites.

DISCUSSION

The role of slime in virulence is controversial. Early animal
experiments emphasized slime as a virulence factor (1, 4).
Genetically unrelated strains belonging to one or more CoNS
species were compared, and the association of slime with vir-
ulence was reported but without consideration for the presence
in most of the isolates of other factors (e.g., enzymes like
protease, hemolysins, and lipase) (8) that have to do more with
the strain than with the species. Further, the terminology de-
scribing the ability of CoNS to “stick” to medical devices is very
confusing and authors refer to adherence and accumulation
too often as one step. Every CoNS, including many non-S. epi-
dermidis organisms that have been tested in our laboratory,
representing hundreds of strains (19a), was able to adhere to

TABLE 4. Results of bacterial adhesion to microtiter plates coated
with serum, albumin, gelatin, and serum plus fibronectin

Adhesion® with:

Microtiter

. Parent strain RP62A
plate coating

Mutant strain M7

CFU % CFU %
None 508 +0.78(10°) 100  5.01 + 0.18 (10° 100
Serum 1.67 + 0.18 (10%) 3 1.60 * 0.25 (10%) 3
Albumin 1.45 = 0.17 (10%) 3 1.4+005(10°) 3
Gelatin 173 + 0.35 (10%) 3 20+001(105 4
Serum + FN? 442 = 0.11 (10%) 9 66+025(105 13

“ Adhesion is expressed as CFU per microtiter plate as determined by the
bioluminescence method. The number of CFU determined on the noncoated
microtiter plate was considered 100% adhesion.

> FN, fibronectin.

INFECT. IMMUN.

various plastic and glass materials within minutes of incuba-
tion, and recovery of the strains from the surfaces was possible
only by ultrasonication for quantification or DNA extraction
via bioluminescence. The strains, however, differed in their
abilities to sustain growth on a solid surface. Strains—mostly
S. epidermidis strains—able to accumulate, i.e., sustain growth
on a solid surface by forming multilayers, are identified as
slime producers by the test of Christensen et al. (3). Strains
that cannot sustain growth on a solid surface and can be re-
covered in the broth are slime-negative strains. Using a parent
and a mutant strain differing in their abilities to accumulate on
surfaces in vitro (and therefore classified as slime-positive and
slime-negative according to the test of Christensen et al. [3]),
we could demonstrate that this parameter had no measurable
effect on induction of endocarditis in a rabbit model. The
possibility that the mutant strain reverted to a slime-positive
phenotype in vivo was excluded. The mutant has previously
been shown not to express a 140-kDa protein relevant for
accumulation, and antibodies selectively raised against this
protein inhibit accumulation of the wild type to surfaces (11,
24). Levels of initial adhesion in the absence of serum were
equally high for the two strains. The presence of serum, albu-
min, or gelatin coating the microtiter plates significantly re-
duced the number of CFU able to adhere to the plates by
reducing nonspecific binding, as was previously shown also for
medical devices (10, 27). The subsequent coating of the micro-
titer plates with fibronectin over the serum layer enhanced
S. epidermidis wild-type and mutant adherence to similar ex-
tents. Again, accumulation of the wild type was significantly
reduced in the presence of serum in comparison to accumula-
tion in the serum-free media (29). In the presence of serum,
the wild type has no advantage over the slime-negative mutant.
This phenomenon may account for the lack of differences in
levels of virulence in vivo. Both the parent and mutant strains
exhibited similar levels of adherence and accumulation prop-
erties in the presence of serum proteins.

These data suggest that slime production as demonstrated in
vitro by the test of Christensen et al. is not an important
virulence determinant during the early phase of infection as
bacteria attach to and accumulate on damaged valves or cath-
eter material in the rabbit endocarditis model. Our experi-
ments using isogenic strains of S. epidermidis that grossly differ
in levels of slime production in vitro allow a more direct de-
termination of the contribution of slime production to viru-
lence in vivo. Our findings agree with those of Stekelberg et al.,
who described no effect of slime production on the treatment
of experimental S. epidermidis endocarditis (25). The results
differ from those of a subcutaneous catheter infection model
and an intraperitoneal infection model with mice, in which the
importance of extracellular slime in establishing infection was
shown (5, 16). The use of genetically engineered mutants may
clarify the role of slime as a factor associated with virulence.
The recent availability in our laboratory (9) and in that of
others (18) of slime-negative mutants derived by transposon
insertional mutagenesis from a slime-positive parent (9, 18)
promises to increase our understanding of the role of slime as
a virulence factor.
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