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Staphylococcus epidermidis is an important nosocomial pathogen responsible for intravenous catheter-related
bacteremia and infections of other prosthetic medical devices. We found that the ability of S. epidermidis to
hemagglutinate erythrocytes correlated with the adherence of bacteria to plastic and to intravenous catheters.
S. epidermidis isolates responsible for prosthetic-valve endocarditis (n = 61) and isolates from intravenous
catheters (n = 59) were significantly more likely to cause hemagglutination than isolates from the skin of
preoperative cardiac surgery patients (n = 19) (P = 0.027). S. epiderinidis isolates (n = 23) recovered from the
skin of patients 7 to 10 days after cardiac surgery were significantly more likely to exhibit hemagglutination
than the preoperative isolates (P = 0.015). By a quantitative adherence assay, we also observed that the
hemagglutination titer and number of species of erythrocytes agglutinated correlated directly with adherence
to polystyrene (P < 0.001). In addition, hemagglutinating isolates were significantly more likely to be recovered
in high number from intravenous catheters when semiquantitative catheter culture techniques were used (P <
0.001). We speculate that hemagglutinin(s) either plays a direct role in adherence to polymers and thus
prosthetic-device infection or serves as an easily demonstrable marker for adherence-prone isolates.

Staphylococcus epidermidis, a generally avirulent com-
mensal organism of human skin, is the principal etiologic
agent of infections of peripheral and central venous cathe-
ters, prosthetic heart valves, artificial joints, and other
prosthetic devices (29). Despite its importance as a noso-
comial pathogen, relatively little is known about the patho-
genesis of these infections or the virulence determinants of
this organism.

Hemagglutination is the aggregation of erythrocytes
caused by bacteria adhering to two or more erythrocytes.
Hemagglutination is a commonly used assay to demonstrate
bacterial adherence and, in gram-negative organisms, has
been shown to reflect specific lectin-receptor interactions
that are important in the pathogenesis of disease (2, 23, 27,
31). Previous reports of hemagglutination by staphylococci
have concentrated primarily on the uropathogen Staphylo-
coccus saprophyticus (3, 16, 18). Studies of hemagglutina-
tion by S. epidernidis have not utilized clinically relevant
isolates and have tested few types of erythrocytes (3, 18).
Adherence to biomaterials by S. epidermidis has not been
previously associated with hemagglutination. We have ob-
served that many clinically significant isolates of S. epider-
midis agglutinate the erythrocytes of humans, sheep, and
other animal species. In addition, we have demonstrated that
there is a strong correlation between hemagglutination and
adherence to plastic and intravenous catheters. We hypoth-
esize that the hemagglutinin may play a role in the patho-
genesis of prosthetic-device infections or may serve as a
surrogate marker for adherence-prone isolates.

(Part of this research was presented at the 31st Inter-
science Conference on Antimicrobial Agents and Chemo-
therapy, Chicago, Ill., 1991 [29a].)
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MATERIALS AND METHODS
Bacteria. Several collections of coagulase-negative staph-

ylococci were studied. One group consisted of isolates,
previously characterized (20), from patients with prosthetic-
valve endocarditis (PVE) from a wide geographic area in the
United States. The second group contained isolates recov-
ered from intravenous catheters at the Medical College of
Virginia in Richmond, Va. The third group of isolates was
obtained preoperatively and postoperatively from the skin of
cardiac surgery patients at the Medical College of Virginia.
These preoperative isolates have previously been shown to
be methicillin susceptible, while the postoperative isolates
are predominantly methicillin resistant. Furthermore, the
preoperative and postoperative isolates all differed from one
another by plasmid pattern analysis (37). Reference strains
of S. epidermidis, RP62A (ATCC 35984) and RP62NA,
which have been previously characterized with regard to
their adherence properties (5), were supplied as a gift (G.
Pier, Boston, Mass.). In addition, G. Pier supplied 11 strains
of S. epidermidis that have been characterized as positive for
the presence of polysaccharide-adhesin (PS/A) (34).

Coagulase-negative staphylococci were identified to spe-
cies level as described by Kloos and Schleifer (22). Briefly,
coagulase-negative staphylococci were identified as S. epi-
dermidis if they produced acid aerobically from sucrose and
maltose and did not ferment xylose or trehalose.
Media. Bacteria were maintained on Mueller-Hinton agar

(Difco Laboratories, Detroit, Mich.). Trypticase soy broth
(Becton Dickinson Microbiology Systems, Cockeysville,
Md.) was used in the hemagglutination and adherence as-
says.

Semiquantitative cultures. Semiquantitative catheter cul-
tures were performed by the method described by Maki et al.
(24). For the purposes of statistical analysis, counts for
bacterial colonies that were noted to be too numerous to
count were recorded as 101 CFU.

Erythrocytes. Suspensions (1% each) of human A, human
0, sheep, horse, ox, pig, rabbit, guinea pig, and chicken
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erythrocytes (Sigma Chemical Co., St. Louis, Mo.) in phos-
phate-buffered saline (PBS) were used in the hemagglutina-
tion assay. Bovine serum albumin (Sigma Chemical Co.) was
added to a concentration of 0.1% in order to prevent
nonspecific agglutination of the erythrocytes.

Hemagglutination. Hemagglutination was assessed in a
manner similar to the method described by Hovelius and
Mardh (18). Bacteria from an overnight incubation at 37°C in
Trypticase soy broth were harvested by centrifugation and
washed once with PBS. Bacterial concentrations were de-
termined by McFarland turbidity standards (14) and bacte-
rial plate counts. The bacterial suspensions were adjusted to
a McFarland standard of 3.0, which correlated with approx-
imately 108 bacteria per ml. The bacterial suspensions were
diluted 1:10 in PBS. The hemagglutination assay was per-
formed with 96-well (U-shaped) microtiter plates (Costar,
Cambridge, Mass.). Twofold serial dilutions of the 10%
bacterial suspension were performed in the microtiter plates
to give a total volume of 50 pl per well. Next, 50 pl of the 1%
erythrocyte suspension was added to each well. The plates
were sealed with cellophane, shaken to ensure even mixing

of the bacteria and erythrocytes, and then incubated at room
temperature for 2 h. Hemagglutination was rated on a scale
from 0 to +++ (0 hemagglutination was recorded when a
compact pellet of erythrocytes was observed, + was defined
as a loose pellet with a surrounding halo of hemagglutina-
tion, + + was defined as diffuse hemagglutination with some
poorly organized sedimentation of erythrocytes, and +++
was recorded when diffuse hemagglutination was observed).
All tests were performed in triplicate.
Adherence. Adherence to polystyrene was assessed by the

qualitative and quantitative methods described by Christen-
sen et al. (6, 7).

Statistical analysis. Comparisons between the various
strain collections of the ability of staphylococci to hemag-
glutinate were made by the chi-square test (10). The degree
of association between hemagglutination and adherence to
plastic was assessed by linear regression analysis (10). The
hemagglutination titer was linearized by assigning the num-

bers 0 to 8 to titers 0 to 1:1,280, respectively. Significance
was determined by use of Student's t test (two-tailed) (10).

RESULTS

Hemagglutination: PVE isolates. Figure 1 shows the hem-
agglutination assay for five isolates of hemagglutination-
positive S. epidennidis and five strains of hemagglutination-
negative S. epidennidis. Table 1 summarizes the
hemagglutination data for the PVE isolates. Seventy-one
isolates of coagulase-negative staphylococci were examined.
Sixty-one of the isolates were identified as S. epidermidis.
Hemagglutination was observed to be a common phenotype
among these S. epidermidis isolates, with 63.9% causing
hemagglutination of one or more species of erythrocyte. For
specific animal species of erythrocytes, the prevalence of
hemagglutination ranged from a high of 54.1% for ox eryth-
rocytes to a low of 32.8% for horse erythrocytes. A total of
18 (29.5%) of the isolates of S. epidernidis agglutinated all 9
types of erythrocytes, while 22(36.1%) of the isolates did not
agglutinate any of the tested types of erythrocytes. Only 40%
of the non-S. epidermidis coagulase-negative staphylococci
caused hemagglutination of any of the types of erythrocytes.
No more than three types of erythrocytes were agglutinated
by any one of these isolates, and in all cases, the degree of
hemagglutination was relatively weak (bacterial dilutions of
no greater than 1:20). Non-S. epiderrnidis species causing
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FIG. 1. Typical appearance of hemagglutination assay. The five
columns of wells on the left side of the plate are hemagglutination-
positive (HA +) isolates; the next five columns of wells are
hemagglutination-negative (HA -) isolates. Bacterial dilutions are
shown at left, ranging from 1:10 to 1:1,280. Negative control (con
-), S. aureus RN4220; positive control (con +), S. epidermidis SE5.

PVE included S. wamnen, S. haemolyticus, S. hominis, and
S. intermedius.

Hemagglutination: venous-catheter isolates. Seventy-four
isolates of coagulase-negative staphylococci recovered from
intravenous catheters were studied. Fifty-nine of the isolates
were identified as S. epidermidis. Table 2 summarizes the
hemagglutination data for the intravenous-catheter isolates.
Eighty-three percent of the S. epidermidis strains hemagglu-
tinated the erythrocytes of one or more of the five animal
species of erythrocytes tested (five different types of blood
instead of nine were tested because of difficulties in obtain-
ing lyophilized erythrocytes from the supplier). Thirty-three
(55.9%) of the isolates agglutinated all five types of erythro-
cytes, while 11 (18.6%) of the isolates did not agglutinate any
of the tested types of erythrocytes. For specific types of
erythrocytes, the rate of agglutination ranged from a high of
78% for guinea pig erythrocytes to a low of 59% for human
A erythrocytes. Of the 15 non-S. epidermidis isolates of
coagulase-negative staphylococci, only 33% of the isolates
agglutinated the erythrocytes of any of the five types of
animal blood cells tested. These isolates each agglutinated
no more than a single type of erythrocyte, and agglutination
was observed only at low bacterial titers (dilutions of no
greater than 1:40).

TABLE 1. Hemagglutination by PVE isolates of
S. epidennidis

Blood type or Hemagglutination High Low Geometric Median
source of prevalence (%) t ierythrocyte (n = 61 strains)

Human A 26 (43) 1:1,280 0 1:60 1:20
Human 0 31 (51) 1:1,280 0 1:85 1:40
Sheep 26 (43) 1:1,280 0 1:56 1:80
Horse 20 (33) 1:160 0 1:38 1:40
Ox 33 (54) 1:640 0 1:35 1:20
Pig 25 (41) 1:640 0 1:43 1:40
Rabbit 24 (39) 1:1,280 0 1:90 1:80
Guinea pig 34 (56) 1:1,280 0 1:78 1:40
Chicken 21 (34) 1:320 0 1:32 1:40
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TABLE 2. Hemagglutination by catheter-related isolates
of S. epidermidis

Blood type or Hemagglutination High Low Geometric Mediansource of prevalence (%) ... t
erythrocyte (n = 59 strains)

Human A 35 (39) 1:320 0 1:47 1:15
Sheep 45 (76) 1:1,280 0 1:102 1:80
Pig 38 (64) 1:160 0 1:54 1:20
Guinea pig 46 (78) 1:1,280 0 1:93 1:70
Chicken 37 (63) 1:80 0 1:46 1:10

Hemagglutination: skin isolates. A total of 19 isolates of S.
epidennidis recovered from the skin of preoperative cardiac
surgery patients and 23 skin isolates from postoperative
cardiac surgery patients were tested for hemagglutination. A
total of 6 (31.6%) of the preoperative isolates exhibited
hemagglutination compared with 17 (73.9%) of the postop-
erative isolates (P = 0.015 [chi-square test]).

Hemagglutination: RP62A, RP62NA, and PS/A strains.
Because sheep erythrocytes yielded the least ambiguous
results (hemagglutination scores of 0 or +++, with few
results of + or + +), we used them to test the hemaggluti-
nation capability of strains of S. epidermidis previously
characterized for adherence and slime production. RP62A
agglutinated sheep erythrocytes at a low titer (1:10), whereas
RP62NA did not cause hemagglutination. Eight strains of S.
epidermidis that were characterized as PS/A (+) and slime
(-) did not cause hemagglutination of sheep erythrocytes
even when the bacterial suspension was concentrated 10-
fold. Three strains of S. epidermidis that were defined as

PS/A (+) and slime (+) also failed to hemagglutinate sheep
erythrocytes.
Adherence: PVE isolates. Figure 2 shows an example of the

correlation between hemagglutination of sheep erythrocytes
and adherence to polystyrene by the two adherence assays.
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FIG. 2. Correlation between hemagglutination of sheep erythro-
cytes and qualitative and quantitative adherence assays. Isolates of
S. epidermidis are the same isolates as those shown in Fig. 1.
Quantitative assay is shown in triplicate in rows a, b, and c. Average
ODs (K = 570 nm) of quantitative wells for hemagglutination-
positive (HA +) strains 1 to 5 are 1.622, 2.0, 1.072, 2.0, and 2.0;
those for hemagglutination-negative (HA -) strains 1 to 5 are 0.079,
0.062, 0.069, 0.087, 0.068; and those for positive control (+ con) and
negative control (- con) are 2.0 and 0.061, respectively. Negative
control, S. aureus RN4220; positive control, S. epidermidis SE5.
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HEMAGGLUTINATION TITER

FIG. 3. Linear-regression plot of hemagglutination titer versus
adherence for PVE strains of S. epidennidis. Regression equation:
(adherence) = (0.178) (hemagglutination) + (0.328); P < 0.001 and r
= 0.923. Hemagglutination titers 1 to 8 represent serial bacterial
dilutions of 1:10 to 1:1,280, respectively.

The 10 strains of hemagglutination-positive and hemaggluti-
nation-negative S. epidermidis are the same 10 strains shown
in Fig. 1. Because other investigators have shown the
qualitative adherence assay to be poorly reproducible (7),
the quantitative adherence assay was used for the analysis of
adherence. A strong correlation between hemagglutination
and adherence to plastic was observed. Figure 3 shows a plot
of hemagglutination versus adherence for the PVE isolates
of S. epidermnidis. A linear regression analysis was per-
formed, and the equation of the regression line for these data
is as follows: (adherence optical density [OD]) = (0.1796)
(hemagglutination) + 0.328. The correlation coefficient is
0.923. Using Student's t test to determine significance for the
association between hemagglutination and adherence yields
P < 0.001. If the number of different types of blood cells
agglutinated rather than the titer of agglutination is consid-
ered, the association between agglutination and adherence
remains statistically significant. The equation for the regres-
sion line is as follows: (adherence OD) = (0.11) (number of
species of erythrocytes agglutinated) + 0.169. The correla-
tion coefficient is 0.879, and P < 0.001.
Adherence: intravenous-catheter isolates. The relationship

between hemagglutination of sheep erythrocytes and adher-
ence to polystyrene for the intravenous-catheter isolates of
S. epidermidis is shown in Fig. 4. The linear regression
equation is as follows: (adherence OD) = (0.277) (hemagglu-
tination) + 0.22. The correlation coefficient is 0.87, and P <
0.001. A significant association between hemagglutination of
sheep erythrocytes and the semiquantitative catheter cul-
tures is also observed. The linear regression equation for
these data is as follows: (semiquantitative catheter culture)
= (47.6) (hemagglutination) + 5.5. The correlation coeffi-
cient is 0.43, and P < 0.001. The linear-regression plot for
the semiquantitative catheter cultures versus adherence was
also examined. The equation of the regression line is (adher-
ence OD) = (0.498) (semiquantitative catheter culture) +
0.492. The correlation coefficient is 0.49, and P < 0.001.

Adherence: skin isolates. The relationship between hemag-
glutination and adherence to polystyrene for the periopera-
tive skin isolates was similar to that observed for the PVE
isolates and catheter-related isolates. Strains causing hem-
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FIG. 4. Linear-regression plot of hemagglutination titer versus
adherence for catheter-associated strains of S. epidermidis. Regres-
sion equation: (adherence) = (0.277) (hemagglutination titer) +
(0.22); P < 0.001 and r = 0.87. Hemagglutination titers 1 to 8
represent serial bacterial dilutions of 1:10 to 1:1,280, respectively.

agglutination were significantly more adherent (P < 0.001)
for both preoperative and postoperative isolates. The linear
regression equation for the preoperative isolates is as fol-
lows: (adherence OD) = (0.22) (hemagglutination) + (0.22);
r = 0.923. The linear regression equation for the postopera-
tive isolates is (adherence OD) = (0.19) (hemagglutination)
+ (0.458); r = 0.796.

DISCUSSION

Hemagglutination by gram-negative organisms has been
intensively studied as a model of adherence. The hemagglu-
tinins are often proteins located on filamentous organelles
that interact specifically with carbohydrate receptors on the
surfaces of erythrocytes and other eukaryotic cells. These
lectin-receptor interactions are important for the adherence
of bacteria to mucosal surfaces, which is recognized as a
vital first step in the pathogenesis of many diseases (2). In
contrast, hemagglutination by staphylococci has not gener-

ated as much interest; studies have primarily concerned
themselves with S. saprophyticus. The hemagglutinin of S.
saprophyticus appears to be a protein that interacts specifi-
cally with oligosaccharides on the surfaces of sheep eryth-
rocytes (13). In this regard, it is of interest to note evidence
of fimbrialike surface structures on S. saprophyticus (30) and
S. epidennidis (33). Further studies to elucidate the nature of
the S. epidermidis hemagglutinin are required.
The question of whether an association exists between

hemagglutination by S. epidernidis and virulence is intrigu-
ing. S. epidernidis isolates from patients with PVE were

significantly more likely to cause hemagglutination than
isolates from preoperative cardiac surgery patients (P =

0.027 [chi-square test]). A similar association was seen when
S. epidermidis isolates recovered from intravenous catheters
were compared with the skin isolates (P = 0.00014 [chi-
square test]). What makes the hypothesis of a link between
hemagglutination and virulence more tenable is the observa-
tion that S. epidernidis isolates which hemagglutinate at

greater bacterial dilutions or which hemagglutinate greater
numbers of animal species of erythrocytes are significantly
more adherent to plastic. However, it is unknown whether

the hemagglutinin plays a direct role in the adherence
process or serves as a marker for adherence-prone isolates.
It is also unknown whether the administration of antibiotics
plays a role in selecting for hemagglutination-positive, and
thus more adherent, strains of S. epidermidis. The postop-
erative isolates were obtained 7 to 10 days after cardiac
surgery. All of these patients received prophylactic antibiot-
ics (primarily cefazolin). Most of the preoperative isolates
were susceptible to methicillin (89.5%), whereas the major-
ity of the postoperative isolates were resistant to methicillin
or gentamicin (95%). Thus, there may be a link between
antibiotic resistance and hemagglutination. The association
between antibiotic resistance and a putative virulence deter-
minant of S. epidernidis is not novel. Christensen et al.
described a link between the colony morphology of S.
epidermidis when grown on Memphis agar, slime produc-
tion, and resistance to j-lactam antibiotics (4).

It is accepted that bacterial adherence to biomaterials is a
crucial first step in the pathogenesis of prosthetic-device
infection. A number of factors influence an organism's
ability to adhere to biomaterials. These factors include
characteristics of the bacterium, the surface structure of the
biomaterial, and the nature of the ambient milieu. Initial
attachment of bacteria to the surface of a biomaterial is a
reversible process that is influenced by surface charge, van
der Waals forces, and hydrophobic interactions (12). It
would appear from the large number of prosthetic-device
infections that are caused by S. epidernidis that this organ-
ism has some unique attribute(s) that enables it to cause
infection more readily than other competing organisms. This
factor may be the ability to adhere to biomaterials more
avidly than other bacteria.

Investigation concerning the adherence of S. epidermidis
to biomaterials has concerned itself primarily with the role of
the extracellular polysaccharide or slime. Despite intensive
study, the role of slime in the pathogenesis of disease and
even its composition remain debated (8). Currently, extra-
cellular slime is thought to play a role in the later stages of
adherence and persistence of infection. It may serve as an
ion-exchange resin to optimize the local nutritional environ-
ment, prevent penetration of antibiotics into the macrocol-
ony, and protect the bacterium from phagocytic host defense
cells (11). Peters et al. have shown by electron microscopy
studies that extracellular polysaccharide appears in the later
stages of attachment and is not present during the initial
phase of adherence (28). Hogt et al. demonstrated that
removal of the extracellular slime layer by repeated washing
did not diminish the ability of S. epidermidis to adhere to
biomaterials (17). Thus, it is unclear what role extracellular
polysaccharide plays in the initial stages of adherence.

S. epidermidis is most frequently isolated in prosthetic-
device infections when the biomaterial surface is a polymer
or contains a polymer, such as those of intravascular cath-
eters, vascular grafts, or prosthetic joints (11). Hsieh and
Merry showed that S. epidernidis adheres to polymers at a
higher rate than Staphylococcus aureus does (19). We have
examined several strains of S. aureus and have not observed
isolates causing hemagglutination at high titers (28a). This
may in part explain the differences in adherence between
these two closely related species of staphylococci that are
observed. In addition, numerous studies have shown that
human plasma proteins enhance the adherence of S. aureus
to medical polymers (15, 35, 36). This relationship is less
clear with coagulase-negative staphylococci (26). After im-
plantation, biomedical devices are rapidly coated by a con-
ditioning film consisting of host glycoproteins (1). Fimbriae
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and other proteinaceous adhesins may play a crucial role in
the adherence process by reacting specifically with host
receptors found in this conditioning film, or they may exert
their influence by nonspecific hydrophobic and electrostatic
interactions (32). It is via this mechanism that we hypothe-
size the hemagglutinin of S. epidermidis to exert its influence
in the adherence of this organism to polymer-containing
biomaterials. Because we have observed isolates of S.
epidermidis which do not cause hemagglutination and yet
which have resulted in well-documented cases of prosthetic-
device infection and because we have observed that there
are isolates that adhere to plastic but do not hemagglutinate,
it seems likely that there is more than one factor that
influences adherence. Perhaps the adherence properties de-
scribed by other investigators, such as the PS/A described
by Tojo et al. (34) or the proteinaceous adhesin described by
Timmerman and colleagues (33), may explain these discrep-
ancies. Further investigation to try to correlate these various
adherence mechanisms should be made.
A particularly vexing problem frequently confronting cli-

nicians is the difficulty in differentiating true cases of S.
epidermidis bacteremia from contaminants of procurement.
Numerous investigators have proposed guidelines for an-
swering this crucial issue (9, 21, 25). Unfortunately, none is
uniformly reliable. Although the hemagglutination test does
not appear to offer a perfect solution, since we have ob-
served clinically significant strains that do not hemaggluti-
nate and there is a certain amount of variability in the
hemagglutination titers in relation to adherence, it may
complement the existing guidelines. Further investigation
with well-defined collections of isolates complete with clin-
ical correlation should be made.

In conclusion, we have demonstrated that hemagglutina-
tion is a common phenotypic trait of S. epidermidis. This
trait appears to be more frequently observed among isolates
responsible for infection. We have also shown that there is a
significant correlation between hemagglutination and adher-
ence to plastic. It is unknown whether this is a direct effect
or simply an epiphenomenon, but it is not unreasonable to
hypothesize that the hemagglutinin of S. epidennidis may
play a major role in the adherence of this organism to
polymer-containing biomaterials. Thus, the hemagglutinin of
S. epidermidis may be a virulence factor in the pathogenesis
of prosthetic-device infection or it may serve as an easily
demonstrated marker for adherence-prone and therefore
clinically relevant isolates.

ACKNOWLEDGMENTS

We thank R. Polk for assistance with the statistical analysis.
This work was supported by Public Health Service grants Al

21772 and F32 AI 08416 from the National Institutes of Allergy and
Infectious Diseases and by an award from the Southern Medical
Association.

REFERENCES
1. Baier, R. E., A. E. Meyer, J. R. Natiella, R. R. Natiella, and

J. M. Carter. 1984. Surface properties determine bioadhesive
outcomes: methods and results. J. Biomed. Mater. Res. 18:337-
355.

2. Beachey, E. H. 1981. Bacterial adherence: adhesin-receptor
interactions mediating the attachment of bacteria to mucosal
surfaces. J. Infect. Dis. 143:325-345.

3. Beuth, J., H. L. Ko, F. Schumacher-Perdreau, G. Peters, P.
Heczko, and G. Pulverer. 1988. Hemagglutination by Staphylo-
coccus saprophyticus and other coagulase-negative staphylo-
cocci. Microb. Pathog. 4:379-383.

4. Christensen, G. D., L. M. Baddour, B. M. Madison, J. T. Parisi,

S. N. Abraham, D. L. Hasty, J. H. Lowrance, J. A. Josephs, and
W. A. Simpson. 1990. Colony morphology of staphylococci on
memphis agar: phase variation of slime production, resistance
to P-lactam antibiotics, and virulence. J. Infect. Dis. 161:1153-
1169.

5. Christensen, G. D., L. M. Baddour, and W. A. Simpson. 1987.
Phenotypic variation of Staphylococcus epidennidis slime pro-
duction in vitro and in vivo. Infect. Immun. 55:2870-2877.

6. Christensen, G. D., W. A. Simpson, A. L. Bisno, and E. H.
Beachey. 1982. Adherence of slime-producing strains of Staph-
ylococcus epidennidis to smooth surfaces. Infect. Immun. 37:
318-326.

7. Christensen, G. D., W. A. Simpson, J. J. Younger, L. M.
Baddour, F. F. Barrett, D. M. Melton, and E. H. Beachey. 1985.
Adherence of coagulase-negative staphylococci to plastic cul-
ture plates: a quantitative model for the adherence of staphylo-
cocci to medical devices. J. Clin. Microbiol. 22:996-1006.

8. Drewry, D. T., L. Galbraith, B. J. Wilkinson, and S. G.
Wilkinson. 1990. Staphylococcal slime: a cautionary tale. J.
Clin. Microbiol. 28:1292-1296.

9. Eperson, F., L. J. Wheat, A. T. Bemis, A. White, A. S. Bayer,
and D. C. Hooper. 1987. Solid phase radioimmunoassay for IgG
antibodies to Staphylococcus epidermidis. Arch. Intern. Med.
147:689-693.

10. Glantz, S. A. 1987. Primer of biostatistics, 2nd ed. McGraw-Hill
Book Co., New York.

11. Grisna, A. G. 1987. Biomaterial-centered infection: microbial
adhesin versus tissue integration. Science 237:1588-1595.

12. Grisna, A. G., M. Oga, L. X. Webb, and C. D. Hobgood. 1985.
Adherent bacterial colonization in the pathogenesis of osteomy-
elitis. Science 228:990-993.

13. Gunnarsson, A., P. A. Mardh, A. Lundblad, and S. Svensson.
1984. Oligosaccharide structures mediating agglutination of
sheep erythrocytes by Staphylococcus saprophyticus. Infect.
Immun. 45:41-46.

14. Hendrickson, D. A., and M. M. Krenz. 1991. Reagents and
strains, p. 1289-1314. In A. Balows, W. J. Hausler, Jr., K. L.
Herrmann, H. D. Isenberg, and H. J. Shadomy (ed.), Manual of
clinical microbiology, 5th ed. American Society for Microbiol-
ogy, Washington, D.C.

15. Hermann, M., P. E. Vaudaux, D. Pittet, R. Auckenthaler, P. D.
Lew, F. Schumacher-Perdreau, G. Peters, and F. A. Waldvogel.
1988. Fibronectin, fibrinogen, and laminin act as mediators of
adherence of clinical staphylococcal isolates to foreign material.
J. Infect. Dis. 158:693-701.

16. Herrstrom, P., S. L. Y. Colleen, and P. A. Mardh. 1986.
Physico-chemical surface properties of Staphylococcus sapro-
phyticus, p. 149-159. In P. A. Mardh and K. H. Schleifer (ed.),
Coagulase-negative staphylococci. Almqvist and Wiksell Inter-
national, Stockholm.

17. Hogt, A. H., J. Dankert, J. A. DeVries, and J. Feien. 1983.
Adhesion of coagulase-negative staphylococci to biomaterials.
J. Gen. Microbiol. 129:2959-2968.

18. Hovelius, B., and P. A. Mardh. 1979. Hemagglutination by
Staphylococcus saprophyticus and other staphylococcal spe-
cies. Acta Pathol. Microbiol. Scand. 87:45-50.

19. Hsieh, Y. L., and J. Merry. 1986. The adherence of Staphylo-
coccus aureus, Staphylococcus epidermidis, and Escherichia
coli on cotton, polyester and their blends. J. Appl. Bacteriol.
60:535-544.

20. Karchmer, A. W., G. L. Archer, and W. E. Dismukes. 1983.
Staphylococcus epidermidis causing prosthetic valve endocardi-
tis: microbiologic and clinical observations as guides to therapy.
Ann. Intern. Med. 98:447-455.

21. Kirchoff, L. V., and J. N. Sheagren. 1985. Epidemiology and
clinical significance of blood cultures positive for coagulase-
negative staphylococcus. Infect. Control 6:479-486.

22. Kloos, W. E., and K. H. Schleifer. 1975. Simplified scheme for
routine identification of human staphylococcus species. J. Clin.
Microbiol. 1:82-88.

23. Koransky, J. R., R. W. Scales, and S. J. Kraus. 1975. Bacterial
hemagglutination by Neisseria gonorrhoea. Infect. Immun. 12:
495-498.

INFECT. IMMUN.



HEMAGGLUTINATION BY S. EPIDERMIDIS 4327

24. Maki, D. G., C. E. Weise, and H. W. Sarafin. 1977. A semiquan-
titative culture method for identifying intravenous-catheter-
related infection. N. Engl. J. Med. 296:1305-1309.

25. Martin, M. A., M. A. Pfaller, R. M. Massanari, and R. P.
Wenzel. 1989. Use of cellular hydrophobicity, slime production,
and species identification markers for the clinical significance of
coagulase-negative staphylococcal isolates. Am. J. Infect. Con-
trol 17:130-135.

26. Muller, E., S. Takeda, D. A. Goldman, and G. B. Pier. 1991.
Blood proteins do not promote adherence of coagulase-negative
staphylococci to biomaterials. Infect. Immun. 59-.3323-3326.

27. Orskov, I., F. Orskov, A. Birch-Anderson, M. Kanamori, and C.
Svanborg-Eden. 1982. 0, K, H and fimbrial antigens in Esche-
richia coli serotypes associated with pyelonephritis and cystitis.
Scand. J. Infect. Dis. 33:18-25.

28. Peters, G., R. Locci, and G. Pulverer. 1982. Adherence and
growth of coagulase-negative staphylococci on surfaces of in-
travenous catheters. J. Infect. Dis. 146:479-482.

28a.Rupp, M. E. Unpublished observations.
29. Rupp, M. E., and G. L. Archer. Infections caused by coagulase-

negative staphylococci. In S. Wolff (ed.), Staphylococci, in
press. BC Decker Publishing Co., Philadelphia.

29a.Rupp, M. E., and G. L. Archer. 1991. Hemagglutination and
adherence to plastic by Staphylococcus epidennidis. Program
Abstr. 31st Intersci. Conf. Antimicrob. Agents Chemother.,
abstr. 38.

30. Schmidt, H., G. Naumann, and H. P. Putzke. 1988. Detection of
different fimbriae-like structures on the surface of Staphylococ-

cus saprophyticus. Zentralbl. Bakteriol. Hyg. Hemagglutination
and adherence to plastic by Staphylococcus epidennidis. 268:
228-237.

31. Sharon, N., and H. Us. 1989. Lectins as cell recognition
molecules. Science 246:227-234.

32. Stenstrom, T. A., and S. Kjelleberg. 1985. Fimbriae mediated
nonspecific adhesion of Salmonella typhimunum to mineral
particles. Arch. Microbiol. 143:6-10.

33. Timmerman, C. P., A. Fleer, J. M. Besnier, L. DeGraff, F.
Cremers, and J. Verhoef. 1991. Characterization of proteina-
ceous adhesin of Staphylococcus epidennidis which mediates
attachment to polystyrene. Infect. Immun. 59:4187-4192.

34. Tojo, M., N. Yamashita, D. A. Goldmann, and G. B. Pier. 1988.
Isolation and characterization of a capsular polysaccharide
adhesin from Staphylococcus epidennidis. J. Infect. Dis. 157:
713-722.

35. Toy, P. T. C. Y., L. W. Lai, T. A. Drake, and M. A. Sande. 1985.
Effect of fibronectin on adherence of Staphylococcus aureus to
fibrin thrombi in vitro. Infect. Immun. 48:83-86.

36. Vaudaux, P., D. Pittet, A. Haeberli, E. Huggler, U. E. Nydegger,
D. P. Lew, and F. A. Waldvogel. 1989. Host factors selectively
increase staphylococcal adherence on inserted catheters: a role
for fibronectin and fibrinogen or fibrin. J. Infect. Dis. 160:865-
875.

37. Vishniavsky, N., and G. Archer. 1984. The epidemiology of
antibiotic-resistant coagulase-negative staphylococci in a car-
diac surgery unit. Program Abstr. 24th Intersci. Conf. Antimi-
crob. Agents Chemother., abstr. 465.

VOL. 60, 1992


