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The ability of Streptococcus species to selectively adhere to the oral epithelial
cells of newborns was studied in vitro. On day 1 of life, mucosal cells from
normal infants demonstrated selective attraction for the natural distribution of
streptococci that would soon colonize these surfaces. Streptococcus salivarius
and Streptococcus mitis adhered well in vitro to scraped cells from cheek and
tongue surfaces. Streptococcus mutans, on the other hand, exhibited feeble or no
adherence to cheek or tongue cells. Adherence of Escherichia coli to oral
epithelial cells was also studied. The ability of strains of E. coli to adhere to
cheek and tongue cells correlated solely with the presence of cell surface sub-
stances, probably pili. These observations, made on infants at the critical
moment of their developing flora, strengthen the hypothesis that the ability of
bacteria to adhere to surfaces is an important determinant of their ecological

place in the oral microflora.

Until the time of birth the human infant is
usually “germfree.” The newborn then becomes
suddenly exposed to millions of microorga-
nisms, only a small portion of which will be-
come part of his normal flora. Although the
bacterial microflora of the mouth has been re-
peatedly examined (3, 5, 6, 15, 21), the mecha-
nism of selection is not understood. Viridans
streptococci are the most prominent and consis-
tent members of this microflora. Sprunt and
others have studied streptococcal interference
with other organisms to account for this pre-
dominance (7, 18, 20). Gibbons et al. have ob-
served experimentally that the adherence of
streptococci to oral mucosal cells of adults in
vitro and in vivo is selective and suggest that
adherence determines their presence in normal
flora (8, 11, 14, 22, 23). If selective adherence of
oral streptococci to mucosal cells is important
in determining flora, it should be demonstrable
on day 1 of life when establishment of that
flora begins. We tested this hypothesis in well
newborn infants. Since the oropharynx of new-
borns is also often colonized with Escherichia
coli, we also examined the in vitro ability of E.
coli to adhere to oral epithelial cells.

MATERIALS AND METHODS

Bacteria. Laboratory strains of Streptococcus sal-
tvarius CM6, Streptococcus mitis 26, and Streptococ-
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cus mutans E49 were obtained from R. J. Gibbons at
the Forsyth Dental Center, Boston, Mass. Orga-
nisms were maintained by weekly transfer on Todd-
Hewitt agar (BBL). Suspensions of each organism
were prepared from 24-h Trypticase soy broth (BBL)
cultures incubated anaerobically at 35°C in Brewer
Jars filled with 85% N,, 10% H,, and 5% CO,.

Laboratory strains and clinical isolates of E. coli
were obtained from the Enterobacteriaceae Labora-
tory Branch, Center for Disease Control, Atlanta,
Ga., and George H. McCracken, Dallas, Tex. Orga-
nisms were maintained by biweekly transfer on
Trypticase soy agar. Suspensions of each organism
were prepared from 18-h brain heart infusion broth
cultures that were aerobically incubated at 35°C.

According to the method of Gibbons and van
Houte (11), organisms were harvested by centrifu-
gation, washed once with phosphate buffer, and sus-
pended in buffer to yield a cell suspension contain-
ing approximately 10® colony-forming units (CFU)
per ml by optical density. (Optical density of 0.5 at
550 nm for these streptococci and 0.35 for these
coliforms approximated 108 chains or rods per ml by
direct microscopic counts.)

Selected strains of E. coli were depiliated as fol-
lows. After growth, centrifugation, and phosphate
buffer wash, bacterial suspensions were blended at
high speed in a commercial Osterizer blender at 4°C
for 2 min. Bacteria were then collected by slow
centrifugation at 1,400 x g at 26°C for 20 min (4)
and resuspended in phosphate buffer to 108 CFU per
ml. (Viability as determined by colony counts usu-
ally exceeded 90%.) For experiments involving incu-
bation after depiliation, the blended bacteria were
collected as above, suspended in brain heart infu-
sion broth, and incubated at 35°C for 90 min. They
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were then collected by centrifugation and resus-
pended in phosphate buffer to 1028 CFU per ml.

Hemagglutination tests for E. coli. Samples of E.
coli cultured, modified, and modified then reincu-
bated as described above were centrifuged at 2,000 x
g for 10 min. The supernatant was drained off, and
the deposited bacilli were mixed with the small re-
siduum of buffer. The slide hemagglutination test of
Duguid (8) was performed using 2% (vol/vol) guinea
pig erythrocytes and concentrated test bacterial sus-
pension. After mixing, the chilled slide was rocked
to and fro for 10 min. Coarse clumping seen within 5
min was recorded as (+). Clumping occurring be-
tween 5 and 10 min was recorded as ().

Electron microscopy. E. coli killed with formal-
dehyde were suspended in saline and mixed with an
equal volume of 2% phosphotungstic acid at pH 7.
The mixture was absorbed onto colloidin-coated
grids, dried, and examined for presence of pili in an
electron microscope (Siemens elmiskop 1A).

Epithelial cell suspensions. Thirty-two healthy
term infants less than 12 h old were the subjects of
this study. Epithelial cells were collected by gently
scraping oral mucosal surfaces with a wooden appli-
cator stick. The applicators were then agitated in
saline. Suspensions were used singly or those of
three to four infants were pooled. The cells were
rendered free of unattached bacteria by repeated
saline washes through membrane filters (pore size,
14 pum) (11), and then were suspended in saline to
contain approximately 10° cells per ml as deter-
mined by direct microscopy.

Adherence tests. The ability of bacteria to adhere
to epithelial cells was studied by mixing 1 ml of the
standardized bacterial suspensions in buffer and 1
ml of standardized epithelial cells in saline. A con-
trol tube containing 1 ml of epithelial cells and 1 ml
of phosphate buffer established the number of natu-
rally adhering bacteria at the time of collection. The
text mixtures were incubated at 35°C for 30 min in a
shaking water bath. Epithelial cells were then
washed free of unattached bacteria by membrane
filtration as before. Each filter, with its collected
epithelial cells, was then turned onto a clean labeled
microscope slide as in making “touch preparations.”
Slides were dried, heat fixed, and stained for 15 s
with Gram crystal violet. The number of bacteria
adherent to epithelial cells was determined by direct
microscopy at x900 magnification. For the strepto-
cocci, chains of two to five cocci sometimes occurred.
In that case, chains were counted. For the coliforms,
individual rods were counted. For simplicity these
counts are expressed as the number of bacteria per
cell. Considerable variation in number of attached
bacteria occurred from cell to cell in the same sam-
ple. Consequently, 50 cells were counted for each
sample, and an average was obtained.

RESULTS

Selective adherence of S. salivarius, S. mi-
tis, and S. mutans. Preliminary studies indi-
cated that after 24 h of life all infants had
bacteria naturally attached to mouth epithelial
cells. In 3-day-old infants, this averaged about
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50 bacteria per cell in samples from the cheek
and about 60 bacteria per cell in samples from
the tongue. In contrast, infants less than 12 h of
age predictably had few, if any, naturally ad-
herent bacteria (2, 2, 0, 0, and 0 bacteria/cell)
(Tables 1-3). When S. salivarius and S. mitis
were incubated with cheek and tongue cells
from these newborns, significant and similar
attachment occurred (57 and 54 bacteria/cell,
and 44 and 65 bacteria/cell, respectively) (Table
1). When S. mutans was tested, it was only
weakly adherent (9 bacteria/cell and 10 bacte-
ria/cell, respectively) (Table 1).

Piliation of cultured and modified E. coli.
Strains of E. coli that were similarly cultured
differed in their ability to agglutinate guinea
pig erythorcytes (Table 2). Hemagglutination
was associated with presence of multiple pili
protruding from bacteria cell surfaces. Blender
modification resulted in loss of pili and inabil-
ity to hemagglutinate (Table 3). Mechanically
depiliated E. coli reincubated for 90 min in
brain heart infusion broth regained both plh
and the ability to hemagglutinate guinea pig

TABLE 1. Adherence of streptococci to oral epithelial
cells of the newborn (5 patients or pools studied)

. Cheek (bac- Tongue (bac-
Organism teria/cel)® teria/cell)
Background control 2+1° 21
Streptococcus salivarius 57 + 14 44 = 7
S. mitis 54 + 11 65 + 14
S. mutans 9+2 10 + 4

2 Bacteria per cell are chains per cell.
® Mean plus or minus standard error.

TABLE 2. Adherence of E. coli to oral epithelial cells
of the newborn

Cheek Tongue
(bactﬁrial (hitl’)czﬁal
. o celD® (5 cel a-
Organism HA patients or tients gr
pools stud- pools stud-
ied) ied)
Background control 0+02 003
Streptococcus mitis 58 + 6 65 + 12
control
Escherichia coli - 3+1 3=x1
016:K1:H6
E. coli 016:K1:NM - 2 +0.2 1+0.2
E. coli K-12 (B380) - 0 0
E. coli 06:K2:H1 + 27 + 4 25 + 8
E. coli 03:K2:H2 + 65 + 8 78 + 20
E. coli K-12 (AB311) + 39 +3 36 + 4

¢ HA, Hemagglutination of 2% guinea pig eryth-
rocytes.

b Bacteria per cell are chains per cell for the
streptococci.



496

TABLE 3. Adherence of E. coli to cheek cells

LONG AND SWENSON

Orga-
nisms/cell
Organism HA° (2 patients
or pools
studied)
Background 0
Cultured
Escherichia coli 03:K2:H1 + 58
E. coli 018ac:K1:H7 + 20
E. coli K-12 + 45
Depiliated
E. coli 03:K2:H1 - 0
E. coli 018ac:K1:H7 - 0
E. coli K-12 + 1
Depiliated and reincubated
E. coli 03:K2:H1 + 71
E. coli 018ac:K1:H7 + 12
E. coli K-12 + 67

¢ HA, Hemagglutination of 2% guinea pig eryth-
rocytes.

cells (Table 3). Thus, hemagglutination corre-
lated with presence of pili.

Adherence of cultured and modified E. coli.
To investigate whether pili were important in
adherence to oral epithelial cells, hemaggluti-
nation-positive and -negative strains of E. coli
were compared. Hemagglutination-positive
strains of E. coli adhered as avidly to cheek and
tongue cells (27, 65, and 39 bacteria/cell, and
25, 78, and 36 bacteria/cell, respectively) as S.
mitis (58 and 65 bacteria/cell) (Table 2). Strains
of hemagglutination-negative E. coli similarly
cultured and incubated with cheek and tongue
cells did not adhere (3, 2, and 0 bacteria/cell,
and 3, 1, and 0 bacteria/cell, respectively) (Ta-
ble 2).

Table 3 illustrates the adherence of mechani-
cally depiliated E. coli to infant cheek cells in
vitro. Cultured, hemagglutination-positive
strains adhered as expected (58, 20, and 45 bac-
teria/cell). The same strains, blender modified,
became hemagglutination negative and did not
adhere (0, 0, and 1 bacteria/cell). These me-
chanically depiliated strains when reincubated
for 90 min became hemagglutination positive
again and adhered avidly (71, 12, and 67 bacte-
ria/cell).

DISCUSSION

Within 24 h after birth the oropharynx of the
newborn becomes rapidly colonized with bacte-
ria. The early flora is simple and is composed of
Staphylococcus epidermidis, viridans strepto-
cocci, gram-negative bacilli occasionally, and a
small group of variable transients (3). The
early establishment of streptococci as constant
members of the oral microflora is maintained in
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health throughout life. As established in
adults, different species of the genus Strepto-
coccus are naturally found at specific sites
in the mouth. Streptococcus sanguis and S.
mutans predictably occur in highest propor-
tions on the tooth surface. S. salivarius is pre-
dominant on the tongue, and S. mitis predomi-
nates on the vestibular mucosa (11, 14, 22).
Furthermore, labeled strains introduced into
the mouths of adults are not distributed ran-
domly but attach primarily to the surfaces
where they are naturally found (i.e., S. sali-
varius to tongue, S. mutans to teeth) (11).
Scraped epithelial cells from these surfaces in
adults behave similarly in vitro (11, 14, 22).

The data observed in the present investiga-
tion indicate that this mechanism is found to be
operative on day 1 of life.

For the oral streptococci, indirect evidence
thus exists that adherence is a “regulator”
mechanism that allows organisms to survive
and colonize specific sites within the mouth.
The mechanism for this selective adherence is
unknown. Investigations have focused on the
role of specific antibody as directing bacterial
attachment (13) and degree of keratinization of
epithelial cells as allowing variability of at-
tachment of a single organism from one mouth
site to another. Alteration of epithelial cell by
lipolytic enzymes reduces adherence and sug-
gests that the binding site may be a phospho-
lipid component of the epithelial cell mem-
brane (12). Properties of bacterial cell surface
are also important since Liljemark, van Houte,
and Gibbons observed an electron-dense protein
“fuzzy” layer on all the gram-positive cocci that
normally adhere to mucosa of the human cheek
(11, 14). Disruption of this surface by trypsin
impairs adherence (12). Specific secretory anti-
body protects against Vibrio infection by pre-
venting mucosal adherence (10).

The oropharynx of approximately 16% of nor-
mal 3-day-old infants in our nursery included
gram-negative bacilli (unpublished data). The
data in this study suggest that adherence of E.
coli to the epithelial cells of newborns is strain
specific in vitro and is associated with the pres-
ence of pili extending from the bacterial cell
surface. Incubation of oral epithelial cells with
strains of E. coli that hemagglutinated guinea
pig erythrocytes and that demonstrated pili on
electron microscopy resulted in adherence that
was unaltered by vigorous washings. Incuba-
tion of oral epithelial cells with E. coli that did
not possess pili or that were mechanically de-
piliated resulted in total inability to adhere.
Ninety-minute incubation of mechanically de-
piliated strains restored pili and strong adher-
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ence of the bacteria to oral epithelial cells of the
newborns. Strains demonstrating pili and ad-
herence had the same degree of affinity for
cheek as for tongue cells.

For E. coli, our data suggest that piliation
may be the mechanism for adherence to mouth
surfaces. Okuda and Takazoe have demon-
strated that approximately one-half of Bacte-
roides melaninogenicus found in human gingi-
val crevices are piliated (16). It has been sug-
gested that adherence is important in initiating
E. coli gastroenteritis in piglets (1, 2, 19) and in
humans (9) and that pili are related to the
virulence of Neisseria gonorrhoeae (17). How-
ever, the role, if any, of pili and adherence in
the pathogenesis of neonatal gram-negative in-
fections remains unexplored. Further studies
will elucidate whether the ability of certain
piliated E. coli to adhere to oral mucosa is the
first step to invasion and disease or harmless
colonization and immunity.

ACKNOWLEDGMENTS

We are grateful to Bennett Lorber for his excellent ad-
vice and Michael Higgins and Mary O’Connor for their time
and ability with the electron microscope.

S. Long was supported by research fellowship 1 F22 Al
00123-01 from the National Institute of Allergy and Infec-
tious Diseases.

LITERATURE CITED

1. Arbuckle, J. B. R. 1970. The location of Escherichia coli
in the pig intestine. J. Med. Microbiol. 3:333-340.

2. Bertschinger, H. V., H. W. Moon, and S. C. Whipp.
1972. Association of Escherichia coli with the small
intestinal epithelium. I. Comparison of enteropatho-
genic and nonenteropathogenic porcine strains in
pigs. Infect. Immun. 5:595-605.

3. Bloomfield, A. L. 1922. Adaptation of bacteria to
growth on human mucous membranes with special
reference to the throat flora of infants. Johns Hopkins
Hosp. Bull. 372:61-66.

4. Brinton, C. C. 1965. The structure, function, synthesis
and genetic control of bacterial pili and a molecular
model for DNA and RNA transport in gram negative
bacteria. Trans. N.Y. Acad. Sci. 27:1003-1054.

5. Carlsson, J. 1967. Presence of various types of non-
haemolytic streptococci in dental plaque and in other
sites of the oral cavity in man. Odontol. Rev. 18:55-
74.

6. Carlsson, J., H. Grahnén, G. Jonsson, and S. Wikner.
1970. Early establishment of Streptococcus salivarius
in the mouths of infants. J. Dent. Res. 49:415-418.

7. Crowe, C. C., W. E. Sanders, and S. Longley. 1973.
Bacterial interference. II. Role of the normal throat
flora in prevention of colonization by group A Strepto-

DETERMINANTS OF DEVELOPING ORAL FLORA

497

coccus. J. Infect. Dis. 128:527-532.

8. Duguid, J. P., I. W. Smith, G. Dempster, and P. N.
Edmunds. 1955. Non-flagellar filamentous append-
ages (“fimbriae”) and hemagglutinating activity in
Bacterium coli. J. Pathol. Bacteriol. 70:335-348.

9. Evans, D. G., R. P. Silver, D. J. Evans, Jr., D. G.
Chase, and S. L. Gorbach. 1975. Plasmid-controlled
colonization factor associated with virulence in Es-
cherichia coli enterotoxigenic for humans. Infect.
Immun. 12:656-667.

10. Fubara, E. S., and R. Freter. 1973. Protection against
enteric bacterial infection by secretory IgA antibod-
ies. J. Immunol. 3:395-403.

11. Gibbons, R. J., and J. van Houte. 1971. Selective bacte-
rial adherence to oral epithelial surfaces and its role
as an ecological determinant. Infect. Immun. 3:567-
573.

12. Gibbons, R. J., J. van Houte, and W. F. Liljemark.
1972. Parameters that effect the adherence of Strepto-
coccus salivarius to oral epithelial surfaces. J. Dent.
Res. 51:424-435.

13. Hoffman, H., and J. Valdina. 1968. Mechanisms of
bacterial attachment to oral epithelial cells. Acta
Cytol. 12:37-41.

14. Liljemark, W. R., and R. J. Gibbons. 1972. Propor-
tional distribution and relative adherence of Strepto-
coccus miteor (mitis) on various surfaces in the hu-
man oral cavity. Infect. Immun. 6:852-859.

15. McCarthy, C., M. L. Snyder, and R. B. Parker. 1965.
The indigenous oral flora of man —I. The newborn to
the 1-year-old infant. Arch. Oral Biol. 10:61-70.

16. Okuda, K., and 1. Takazoe. 1974. Haemagglutinating
activity of Bacteroides melaninogenicus. Arch. Oral
Biol. 19:415-416.

17. Punsalang, A. P., and W. D. Sawyer. 1973. Role of pili
in the virulence of Neisseria gonorrhoeae. Infect. Im-
mun. 8:255-263.

18. Rosebury, T., D. Gale, and D. F. Taylor. 1954. An
approach to the study of interactive phenomena
among microroganisms indigenous to man. J. Bacte-
riol. 67:135-152.

19. Sellwood, R., R. A. Gibbons, G. W. Jones, and J. M.
Rutter. 1975. Adhesion of enteropathogenic Esche-
richia coli to pig intestinal brush borders: the exist-
ence of two pig phenotypes. J. Med. Microbiol. 8:405-
410.

20. Sprunt, K., and W. Redman. 1968. Evidence suggesting
importance of role of interbacterial inhibition in
maintaining balance of normal flora. Ann. Intern.
Med. 68:579-590.

21. Torrey, J., and M. K. Reese. 1945. Initial aerobic flora
of newborn infants. Selective tolerance of the upper
respiratory tract for bacteria. Am. J. Dis. Child.
69:208-214.

22. van Houte, J., R. J. Gibbons, and S. B. Banghart. 1970.
Adherence as a determinant of the presence of Strep-
tococcus salivarius and Streptococcus sanguis on the
human tooth surface. Arch. Oral Biol. 15:1025-1034.

23. van Houte, J., R. J. Gibbons, and A. J. Pulkkinen.
1971. Adherence as an ecological determinant for
streptococci in the human mouth. Arch. Oral Biol.
16:1131-1142.



