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A B S T R A C T The abilities of 14 strains of aerobic
gram-positive cocci and gram-negative bacilli to adhere
in vitro to human or canine aortic valve leaflets were com-
pared. 2-mm sections of excised valve leaflets were ob-
tained by punch biopsy and were incubated under stan-
dardized conditions in suspensions of bacteria. Valve
sections were subsequently waslhed and homiogeniized,
and quantitative techniques were used to determine the
proportions of bacteria from the initial suspensions that
had adhered to the valve sections. Comparable results
were obtained when these adherence ratios were deter-
mined by two independent methods based either on mea-
surements of bacterial viability or of radioactivity in
5"Cr-labeled bacteria. For each bacterial strain, the ad-
herence ratio was constant over a wide range of concen-
trations of bacteria in the incubation mediuiml. Strains
of enterococci, viridans streptococci, coagulase-positive
and coagulase-negative staphylococci and Pscudoim oinas
aeruginosa (adherence ratios 0.003-0.017) were found
to adhere more readily to valve sections than strains of
Escherichia coli and Klbsiella pfeum;oniiac (adherence
ratios 0.00002-0.00004). The organisms that most fre-
quently cause bacterial endocarditis Nwere found to ad-
here best to heart valves in vitro, suggesting that the
ability to adhere to valvular endothelium may be an
important or essential characteristic of bacteria that
cause endocarditis in man.

INTRODUCTION
Differences in the adherence of bacterial species or
strains to mucous membranes have been shown to be
important in determining the composition of the normal
bacterial flora on mucosal surfaces (1, 2). Since coloni-
zation of specific mucosal surfaces is an early event in
the patlhogenesis of many bacterial infections (3), it is
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likely that the ability or inability of a pathogenic bac-
terium to adhere to variouis mucosal surfaces is one im-
portant factor in determining the localization of infec-
tions caused by that organism. In addition, differences in
adlherence properties of bacterial pathogens may help to
determine the most likelv etiologic agents of infection
at any particular anatomic site. Data comparing the ad-
herenice of aerobic gram-negative bacilli and of aerobic
gram-positive cocci to specific mucosal surfaces are
limited. In one study, Esclierichlia coli, a common cause
of urinary tract infections, w-as found to adhere better
to bladder mucosa than to tongue mucosa in experi-
mental rats, while Streptococcu(s pyogenes, the etiologic
agent of streptococcal pharyngitis, adhered more readily
to rat tongue mucosa than to rat bladder mucosa (3).

In spite of an increasing incidence of gram-negative
bacillary bacteremia (4), aerobic gram-positive cocci
remain in the most frequently isolated bacteria associ-
ated -with endocarditis in man (5, 6). Gram-negative
bacillary endocarditis has remained unusual except in
drug addicts (7, 8) and in prosthetic valve infections
(9). The present study was undertaken to compare the
ability of selected aerobic gram-positive cocci and gram-
negative bacilli to adhere to the endothelial surfaces of
human anid canine aortic valve leaflets. Our data demon-
strate that variatiolns in adherence do occur and that the
organisms that are more adherent to heart valves in vitro
are the ones that most commonly cause bacterial endo-
carditis in man.

METHODS
Bactcrial strainis. All of the bacterial strains used in this

study were obtained from the microbiology laboratory of
Parkland NMemorial Hospital, Dallas, Tex. Except for three
strains of viridans streptococci obtained from throat cul-
tures, all gram-positive cocci were isolated from blood cul-
tures of patients with bacterial endocarditis. All gram-
negative bacilli were isolated from blood cultures of pa-
tients with bacteremia. Bacterial strains grown in trypticase
soy broth (TSB) ' (Baltimore Biological Laboratories,

'Abbrcviationis uised in this papcr: CFU-, colony-forming
unit; P'BS, phosphate-buffered salinie; TSB, trypticase soy
broth.
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B3altimnore, Md.) were lyop)llilizC(I iil a 1: 1 miiixture of skimii
milk and TSB and were stored at 250C.
Preparation of stanidardized bacterial sutspeitsionzs. Ly-

ophilized cultures were rehydrated in 10 ml of TSB and
incubated overnight at 37°C in a 10% C02 atmosphere
wvithout agitation. 10-ml samples from the overnight cul-
tures were centrifuged at 12,000 g for 10 min. The bacteria
in the pellet were washed twice by suspension in 10-ml
samples of pH 7.2 phosphate-buffered saline solution (PBS)
(NaCl, 122.4 g; Na2HPO4, 26.64 g; KH2PO4, 7.75 g; dis-
tilled water, 19 liters) followed by centrifugation, and the
washed bacteria were resuspended in 10-ml samples of
PBS. Clumped bacteria were dispersed by aspirating and
ejecting each suspension three times through a sterile 25
gauge needle attached to a hypodermic syringe. Residual
bacterial clumps were then removed by filtering the sus-
pensions through 8-alm membrane filters (Nuclepore Corp.,
Pleasanton, Calif.). Wet mounts of the filtered bacterial
suspensions were examined microscopically to confirm that
the suspensions contained primarily single bacterial cells.
The absorbance of each suspension was measured at 590
nm, and standardized suspensions were prepared with Ao00=
0.3. The number of viable bacteria in each standardized
suspension was determined by plating duplicate 0.10-ml
samples from 10-fold serial dilutions of the suspension on
trypticase soy agar (Baltimore Biological Laboratories).
Plates were incubated at 37°C in a 10% C02 atmosphere
for 18 h, and bacterial colonies were enumerated. Viable
counts for the original suspensions were calculated from
the observed colony counts and the known dilution factors.
When lesser concentrations of bacteria were desired, ap-
propriate dilutions were made from the standardized sus-
pensions.

Radioisotopic labelintg of bacteria. The procedure for
labeling of bacteria with 51Cr was a modification of a pub-
lished method (10). 250 1tCi of Na'CrO4 (363 mCi/mg,
New England Nuclear, Boston, Mass.) was added to 10-ml
samples of standardized bacterial suspensions with an ab-
sorbance of 0.3. The suspensions were incubated at 37°C
for 3 h, centrifuged at 12,000 g for 10 min, and then washed
three times with cold PBS. The "Cr-labeled bacteria were
resuspended in 10 ml of cold PBS. Bacterial clumps were
eliminated by the same dispersion and filtration procedures
described above, and suspensions of the "Cr-labeled bacteria
with an absorbance of 0.3 were prepared. 1-ml samples from
the 'Cr-labeled bacterial suspensions were passed through
0.45-gm membrane filters (Millipore Corp., Bedford, Mass.),
and the radioactivity associated with the filters and with the
filtrates was measured to determine the percentage of the
"Cr label in the suspensions that was firmly bound to the
bacteria.

Preparationt of aortic valhe leaflet sectionis. In experi-
ments utilizing canine valves, hearts were excised from
heparinized dogs sacrificed for other purposes. Human aortic
valves were obtained from four cadavers during autopsies
performed by the Dallas County Medical Examiner's Office.
The aortic valve leaflets were removed with sterile tech-
nique and were placed into sterile PBS solution, and sub-
sequent procedures were done with sterile technique at 25°C.
The valve leaflets were removed from the saline solution
and placed on a mat consisting of five pieces of filter paper.
Circular sections of aortic valve with a 2-mm diameter were
made by punch biopsy of the leaflets utilizing a Keyes punch
(105-985, George Tiemann Enterprises, Inc., Long Island
City, N. Y.) designed for biopsying skin, and these sec-
tions were placed in PBS.

QtU atitative iIlLiaslircJl(i1tof bacterial adlhecrnce to valve
sectionts. Four valve sections were placed in 3-ml samples
of "'Cr-labeled or unlabeled suspensions of bacteria in 50 X
12-mm "box-type" plastic petri dishes (Falcon Plastics,
Oxnard, Calif.), and were agitated at 160 cycles/min on a
reciprocating shaker at room temperature. After 1 h, the
four valve sections were removed from the suspensions, and
two were placed inito each of two 60 X 15-mm plastic petri
dishes with 3-ml samples of PBS. The pairs of valve sec-
tions were washed by swirling for 15 s and were trans-
ferred to similar dishes for two further washes. Each pair
of valve sections was then placed into a mortar with 3 ml
of PBS and approximately 0.5 g of sterile sand and was
homogenized with a pestle until discrete pieces of tissue
were no longer visible.

Quantitation of viable bacteria was performed by remov-
ing 1.0-ml samples of the original bacterial suspensions and
of the homogenized valve sections, diluting serially in PBS,
plating 0.1-ml samples of appropriate dilutions on trypticase
soy agar, and counting colonies after overnight incubation
in a 10% C02 atmosphere at 37' C. Quantitation of 'Cr-
labeled bacteria was performed by comparing the radio-
activity in 1-ml samples of the original bacterial suspensions
and of the homogenized valve sections. Counting was per-
formed in a Packard model 578 gamma scintillation spec-
trometer (Packard Instrument Co., Inc., Downers Grove,
Ill.).
The "adherence ratio" was defined as the proportion of

bacteria in the initial suspension that was recovered from
the washed, homogenized aortic valve sections. Experimental
determinations of adherence ratios were based either on
viable counts or on measurements of radioactivity in 51Cr-
labeled bacteria and were calculated by the following
formulas: adherence ratio = (viable bacteria recovered from
heart valves [CFU/ml] )/(viable bacteria in incubation
media [CFU/ml]) and adherence ratio = (radioactivity
adsorbed to heart valves [cpm/ml])/(radioactivity in incu-
bation medium [cpm/ml]), where CFU represents colony-
forming units.

RESULTS

Interpretation of our studies on the adherence of various
bacterial strains to sections of aortic valve leaflets is
dependent upon the results of a number of control ex-
periments that will be described before the results of
the adherence studies.

Role of bacterial clumping. Apparent differences in
adherence between gram-positive cocci and gram-nega-
tive bacilli might be the result of a greater tendency for
gram-positive cocci to clump or to cluster. Although
clumps containing multiple organisms produce single
colonies upon culture, they might have a greater proba-
bility than single bacteria of adhering to aortic valve
sections. This possibility was excluded by examining the
standardized bacterial suspensions by light microscopy
and demonstrating that they consisted almost completely
of single unaggregated bacteria.

Radioisotopic labeling of bacteria with "Cr. To dem-
onstrate that the "Cr was firmly attached to the bacteria,
1.0-ml samples of the "Cr-labeled bacterial suspensions
were passed through 0.45-ium membrane filters, and the
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TABLE I
Radioisotopic Labeling of Bacteria with Na51CrO4*

Radioactivity of
5'Cr-labeled Radioactivity Radioactivity
bacterial retained on Radioactivity bound to

Bacterial strain suspension filter in filtrate bacteria

cpm/ml cpm cpm l'/nl %
Enterococcus KG3 483,000 469,700 23,700 95.5
Viridans streptococcus 6090 213,060 210,602 4,533 95.3
S. aureus G4 115,400 109,500 7,000 94.0
S. epidermidis 6725 218,900 200,900 13,800 93.7
P. aeruginosa 6042 857,200 800,900 51,300 94.0
E. coli 7165 713,400 695,800 20,680 97.5
K. pneumoniae 8194 683,800 643,400 42,400 93.8

* Bacteria were labeled with Na55CrO4, washed, and resuspended in PBS as described in Methods.
1-ml samples of the suspensions of 5"Cr-labeled bacteria were passed through 0.45-,um filters, and
measurements were made of the radioactivity in the filtrates and on the filters.

bacterial-associated radioactivity retained on the filters
was compared with the radioactivity in the filtrates (Ta-
ble I). More than 93% of the radioactivity was bound
to the bacteria with each bacterial strain tested. To de-
termine if the small amounts of radioactivity that leached
from the bacteria could effectively bind to the sections
of aortic valve leaflets, the cell-free culture filtrates from
the 5'Cr-labeled bacterial suspensions were incubated
with sections of aortic valve leaflets, and the usual
procedures of washing, grinding, sampling, and counting
were followed (Table II). Less than 0.5% of the free
51Cr was bound to the valve leaflets. The expected back-
ground due to adsorption by heart valves of free 51Cr in
suspensions of 5'Cr-labeled bacteria should therefore not
exceed 0.035% of the total radioactivity present in the
suspensions.

TABLE II
Adsorption by Aortic Valve Leaflets of Free Na51CrO4 from

Suspensions of Cr-Labeled Bacteria*

Radio- Radio- Free
activity activity Na51lCrO4

in cell-free adsorbed adsorbed
culture to valve to valve

Culture filtrate filtrate sections sections

cpm/ml %
Enterococcus KG3 36,000 182 0.5
Viridans streptococcus 6090 5,100 15 0.3
S. aureus G4 8,070 34 0.4
S. epidermidis 6725 8,758 21 0.2
P. aeruginosa 6042 42,900 172 0.4
E. coli 7165 31,500 126 0.4
K. pneumoniae 8194 20,520 82 0.3

* Suspensions of 51Cr-labeled bacteria were filtered through 0.45-;sm mem-

brane filters, and the cell-free filtrates were incubated with sections of
aortic valve leaflets. The radioactivity adsorbed to the sections of valve
leaflets was determined after washing and homogenizing them as described
in Methods.

Influence of grinding on the viability of bacteria.
Apparent differences in adherence of various bacterial
strains to valve leaflets might also result from differen-
tial killing of the bacteria during homogenization of the
valve sections by grinding with sand in a mortar and
pestle. Viable counts of representative bacterial strains
were measured in control experiments both before and
after subjecting samples of standardized bacterial stis-
pensions to the grinding procedure, and no killing was
observed. This possible variable was also controlled by
the use of radioisotopically labeled bacteria, since detec-
tion of the radioactivity in 'Cr-labeled bacteria ad-
sorbed to the valve sections should be independent of
changes in bacterial viability during the grinding pro-
cedure.

Susceptibility of bacterial strains to serum. Although
the experiments were performed with sections of aortic
valve leaflets suspended in PBS solution, it was con-
ceivable that traces of serum on the valves might have
contributed to the killing of certain susceptible bacterial
strains, resulting in apparent differences in adsorption
between bacterial strains. Representative strains were
studied for their susceptibility to the bactericidal effects
of fresh canine and human serum as well as to heat-
inactivated (56°C for 30 min) serum as a control. None
of the strains utilized in our experiments was "serum
sensitive" (Table III).

Site of bacterial adherence to the valve sections.
Since the area of the two endothelial surfaces of the
valve sections is extremely large in comparison to the
area of the cut edge, it seemed likely that the adherence
observed was the consequence of attachment of bacteria
to the endothelialized surfaces rather than to the cut

edge. To confirm this, valve sections were incubated
with bacteria, washed, stained with methylene blue, and
observed by light microscopy. Most of the bacteria
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TABLE I I I
Susceptibility of Bacterial Strains to Serum

Viable bacteria

Original Heat-inactivated
Serum Bacterial strain inoculum Normal serum serum

CFU/ml* CFU/ml after 24 h

Canine Enterococcus KG3 285 >109 > 109
P. aeruginosa 8734 170 >109 >109
E. coli 6662 360 > 109 > 109

Human Enterococcus KG3 148 >109 > 109
Viridans streptococcus 6090 174 > 109 > 109
S. aureus G4 175 >109 >109
S. epidermidis 6725 134 >109 >109
P. aeruginosa 6042 190 3.3 X 108 3.6 X 108
E. coli 7165 260 5.5 X 10, 6.4 X 108
K. pneumoniae 8194 210 > 109 > 109

* CFU, colonv-forming units.

were seen to adhere to both endothelial surfaces, with
only a few organisms adhering along the cut edge of the
valve sections. Although quantitative measurements of
adherence could not be performed by this method, these
observations confirmed the hypothesis that the bacteria
were adhering primarily to the endothelial surfaces of
the aortic valve sections.

Conditions influencing bacterial adherence. In pre-
liminary experiments, no differences were observed in
the ability of individual bacterial strains to adhere to
sections of aortic valve leaflets obtained from human or
canine aortic valves. For convenience, canine valves
were utilized for most of the studies reported here. Ad-
herence was facilitated by agitation of the valve sections
in the bacterial suspension, and very low levels of ad-
herence were observed when valve sections were incu-
bated in bacterial suspensions without agitation. The ad-
herence ratios for representative bacterial strains were
similar whether incubation was carried out in PBS or
in fresh human or canine serum (Table IV). For this
reason, most of the studies were performed utilizing
PBS.

Relationship of adherence to concentration of bacteria
in the incubation medium. For each bacterial strain
tested, the number of bacteria that became attached to
aortic valve sections was a constant proportion of the
number of bacteria in the incubation medium. Repre-
sentative data for a strain of enterococcus (KG3) are
presented in Table V. The observed adherence ratio was
similar whether calculated from viable bacterial counts
or from measurements of radioactivity in the 'Cr-la-
beled enterococci. The adherence ratio was constant over
a 10,000-fold range in the concentration of bacteria in
the incubation medium. Linearity between the initial

concentration of bacteria in the incubation medium and
the number of bacteria adhering to standard size valve
sections was observed for each of the bacterial strains
tested (Fig. 1).

Differences in adherence characteristics of various
bacterial strains and species. Comparison of adherence
ratios for various bacterial strains reveals striking dif-
ferences (Table VI). The strains of gram-positive cocci,
including enterococci, viridans streptococci, and both
coagulase-positive and coagulase-negative staphylococci,
were found to have a much greater probability of adher-
ing to aortic valve sections than did the strains of
Klebsiella pneumoniae or E. coli. In contrast to the
strains of Enterobacteriaceae, the adherence ratios of
strains of Pseudomonas aeruginosa were comparable to
those of the gram-positive cocci.

DISCUSSION
The adherence of various bacteria to the surface of heart
valves was studied for two reasons. First, the attach-

TABLE IV
Comparison of Bacterial Adherence to Aortic Valve Leaflets

in Serum and in PBS Solution

Adherence ratio, X105*

Incubation in human
Incubation in PBS serum

Viable Isotopic Viable Isotopic
Bacterial strain counts label counts label

Enterococcus KG3 1,300 1,690 1,610 1,640
P. aeruginosa 8734 368 366 485 437
E. coli 6662 1.86 1.84 1.96 1.97

* Adherence ratios were calculated as described in Methods.
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TABLE Vr
Relationship between Concentration of Bacteria in the Incubation Mledium and

Adherence Ratios for Enterococcus KG3

Bacteria in Adherence ratio Radioactivity in Radioactivity Adherence ratio
incubiation Bacter-ia adhierent (X 105) calculated incuhation adlherent to (X 105) calculatedl
medium to valve sections from viahle counts* medlium valve sections from isotopic lahel*

CFU /ml CFU/ml cpm/ml cpmn, nnl
4.0 X 108 5.2 X 106 1,300 499,600 6,888 1,390
3.4 X 108 5.7 X 106 1,690 483,000 8,065 1,690
3.9 X 107 5.0 X 105 1,260 49,413 635 1,300
4.1 X 106 5.4 X 104 1,320 5,158 67 1,320
2.9 X 10604.7 X 10 1,520 4,150 64 1,560
3.9 X 105 5.0 X 103 1,280 -
3.9 X 10 5.9 X 102 1,520
3.9 X 104 5.2 X 102 1,350

1,400+54 - 1,450+77
(MIean 4SEM) ('Mean ±SENM)

* Adherence ratios were calculated as described in Methods.

ment of bacteria to heart valves may be the initial event
in the pathogenesis of bacterial endocarditis; and, sec-
ond, there is a great discrepanc) in the prevalence of
naturally occurring endocarditis produced by aerobic
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TABLE VI
Adherence of Selected Bacterial Strains to Aortic Valve Leaflets

Adherence ratio Adherence ratio
Number of (X 105) calculated Number of (X 105) calculated

Bacterial strain observations from viable counts* observations from isotopic label*

mean -SE.1I nean ±SEA!

Enterococcus KG3 8 1,400+54 5 1,450+77
Enterococcus KG2 3 1,7504i120 3 1,730+t125
Enterococcus G5 3 1,410+85 3 1,280+110
Viridans streptococcus 4024 4 347+14 3 3254+3
Viridans streptococcus 6090 3 5524±82 3 691 +38
Viridans streptococcus 4046 4 379+15 3 408+40
S. aureus G4 8 533-+52 5 579+61
S. epidermidis 6725 8 454+38 5 459+56
P. aeruginosa 6042 8 305+25 5 324436
P. aeruginosa 8734 3 378i10 3 379+11
E. coli 7165 7 2.0+0.2 3 2.24+0.4
E. coli 6662 3 2.0+0.2 2 2.1+0.2
K. pneumoniae 8194 7 4.2 +0.4 4 4.5 +0.3
K. pneumoniae 8713 3 4.5+0.3 2 4.2+0.4

* Adherence ratios were calculated as described in Methods.

teria to attach to the endothelial surface of heart valves.
In our model, we have been able to demonstrate such dif-
ferences and have shown that the organisms that most
commonly cause bacterial endocarditis in man also
adhere more readily to sections of heart valves in vitro.
This correlation suggests that the ability to adhere to
heart valves may be an important or an essential charac-
teristic of bacteria that cause endocarditis.

In previous studies of adherence of bacteria to mu-
cosal or other surfaces, components of the surface of
bacterial cells have been shown to be important in de-
termining their ability to adhere. The presence of pili on
gonococci correlates with adherence and with patho-
genicity (11), and both capsular polysaccharides (12)
and M proteins (13) produced by streptococci are im-
portant determinants of their ability to adhere to specific
surfaces. Coating of streptococci with secretory IgA
antibody has been shown to decrease their ability to
adhere to rat oral mucosa (14), and the presence of
coproantibody against Vibrio cholerae can protect rab-
bits from experimental cholera, possibly by decreasing
the ability of V. cholerae to adhere to small bowel mu-
cosa (15). These observations demonstrate that cell
surface components of bacteria can determine adherence,
and it is likely that receptors on the surface of mam-
malian cells are also involved in such adherence phe-
nomena.
Although it seems likely that the initial event in the

pathogenesis of bacterial endocarditis is the attachment
of bacteria to heart valves, little is known concerning

the specific components of either the bacteria or the
heart valves that are involved in adherence. Our data
suggest that the endothelial surface of normal heart
valves has receptors that can interact with and bind to
surface components of specific pathogenic bacteria such
as enterococci, Staphylococcus autreuts, and viridans
streptococci (Table VI). Since adherence in vitro oc-
curs equally well in serum and in buffered saline solu-
tion (Table IV), it is probable that adherence of the
type we have demonstrated can also occur in vivo. The
adherence ratios for each bacterial strain tested were
shown to remain constant with different concentrations
of bacteria in the incubation medium (Table V and Fig.
1). If a similar relationship holds true in vivo, then the
number of bacteria adhering to heart valves should be
directly proportional to the number of bacteria circu-
lating in the blood. Thus, the probability of bacterial
colonization of heart valves should be related to the dura-
tion and to the magnitude of bacteremia as well as to
the ability of the bacteria to adhere to the heart valves.

In addition to the possibility that normal valvular en-
dothelium has receptors for specific bacteria, other in-
vestigators have considered the hypothesis that bacterial
colonization of heart valves occurs on thrombi (16, 17).
Adherence of various bacteria to thrombi has not been
systematically investigated. It is interesting to speculate
that bacterial adherence to thrombi on pathologically al-
tered valves might be particularly important in the patho-
genesis of subacute bacterial endocarditis in man (16)
or in experimental endocarditis in rabbits (18), while
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adlherenice to normal valvular endotlhelium miglht be of
greater significance in the development of acute bac-
terial endocarditis in the absence of known preexisting
valvular pathology.
Although all bacterial strains from cases of endo-

carditis adhered well to sections of heart valves in vitro
in our experiments, such adherence is not the only deter-
minant of bacterial virulence in endocarditis. This is
clearly demonstrated by the observation that P. aerugi-
niosa and Staphylococcus epidermidis, which rarely cause
endocarditis in man, both adhered well to heart valve
sections. The ability of bacteria to multiply in vivo and
to survive in the presence of normal host defenses is
also of great importance. However, the fact that we
have demonstrated a relatively high level of adherence
for P. aeruginosa in our model might help to explain the
selection of P. aeruginosa as the gram-negative organism
showing the greatest association with endocarditis in the
addict population (7, 8).

In summary, we were able to sh1ow that bacteria ad-
here in vitro to sections prepared from human and ca-
nine aortic valve leaflets and that the quantitative mea-
surement of adherence was reproducible for each bac-
terial strain tested. We have used this technique to dem-
onstrate striking differences in adherence of various
bacterial strains. Specifically, enterococci, staphylococci,
and streptococci were shown to be more adherent than
Enterobacteriaceae such as K. pneumnoniae and E. coli.
P. aeruginosa adhered as well as the staphylococci and
the streptococci, but not as well as the enterococci.
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