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To assess the role of reduced salivary flow and intraoral pH on gram-negative
bacterial colonization of the oropharynx, we studied in vitro Klebsiella adherence
to normal human buccal epithelial cells at various pH values and to buccal cells
from patients with pathological xerostomia (decreased saliva flow). Reduced pH
significantly increased adherence of Klebsiella pneumoniae 84 to normal buccal
epithelial cells (P < 0.001). In contrast, two clinical isolates of K. oxytoca showed
no significant pH-dependent change in adherence. A corollary of this was that
patients with pathological xerostomia had significantly increased adherence of K.
pneumoniae 84 to their buccal epithelial cells as compared with normal controls (P
< 0.01). These results suggest that reduced salivary flow and the concomitant
reduction of intraoral pH may predispose patients to bacterial colonization with
K. pneumoniae.

Aerobic gram-negative bacilli (GNB) rarely
colonize the oropharynx of normal individuals.
However, the incidence of oropharyngeal GNB
colonization increases to 30 to 60%o (1, 9, 10, 13)
in certain pathological situations as compared
with 3 to 6% (16) in control groups. Patients in
intensive care units (10), those with pathological
xerostomia (1), and elderly institutionalized pa-
tients (19) have an increased incidence of oro-
pharyngeal colonization with GNB. Further, it
has been reported that the frequency of respira-
tory infections with GNB is eight times greater
in hospitalized patients who acquire GNB in
their oropharynx than in comparably ill non-
colonized patients (10). This association be-
tween oropharyngeal colonization and risk of
pneumonia suggests that the ability of GNB to
adhere to oral epithelial cells, and hence colo-
nize this surface, may be an important bacterial
virulence factor. Indeed, Higuchi et al., using an
in vitro assay of GNB adherence, demonstrated
that Pseudomonas organisms which bind poorly
to normal human buccal epithelial cells (HBEC)
adhere in increased numbers to buccal cells of
hospitalized patients (8). This finding suggests
that factors associated with hospitalization
somehow alter oropharyngeal epithelial cells,
making them more susceptible to GNB adher-
ence.
To further examine the host factors that might

predispose patients to GNB colonization, we
elected to study the roles of saliva flow and pH
in this interaction. Previous studies have shown
that patients with reduced saliva flow secondary

to Sjogren's syndrome or to radiation-induced
sialadenitis have increased colonization with
GNB (1, 13). Furthermore, it is known that
pathologically reduced salivary flow is associat-
ed with a concomitant decrease in the pH of
stimulated parotid saliva (6). We therefore stud-
ied the effect of altering pH on the in vitro
adherence of three clinical isolates of Klebsiella
species to normal HBEC. In a corollary study,
we also examined Klebsiella adherence to buc-
cal cells from patients with pathological xerosto-
mia.

MATERIALS AND METHODS
Bacterial preparation. Three Klebsiella organisms

obtained from human culture specimens were used;
K84, a K. pneumoniae strain, and K90 and K181, both
K. oxytoca strains. The bacteria were taken off fresh
overnight trypticase soy plates with sterile cotton-
tipped swabs and suspended at an optical density of
0.15 in 10 ml of M-9 minimal medium containing 0.2%
glucose (15). The organisms were incubated for 1 h on
a rotating rack at 37°C, and then 100 ,uCi of tritiated
thymidine (New England Nuclear Corp., Boston,
Mass.) and 1 ml of deoxyadenosine at 2.5 mg/ml
(Calbiochem, La Jolla, Calif.) were added. The latter
substance increased the thymidine dependence of the
organisms, hence, enhancing labeling (14). The cul-
tures were then incubated and tumbled for 3 additional
hours and subsequently washed and centrifuged
(12,000 x g for 10 min) three times with phosphate-
buffered saline (PBS). After this, the bacteria were
resuspended in pH-adjusted PBS (range 5.5 to 7.2) at a
concentration of 109 organisms per ml based on optical
density. Scanning electron micrographs were also per-
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formed and showed that the three organisms were
piliated.

Epithelial cells. HBEC were obtained from the oral
mucosae of patients and controls by vigorous scraping
with cotton-tipped swabs. The swabs were then
swirled in 5 ml of PBS to dislodge the cells, which
were then freed from nonadherent endogenous bacte-
ria by three serial centrifugations at 400 x g for 10 min.
The HBEC were then resuspended at a concentration
of 2 x 105 cells per ml in pH-adjusted PBS.

In vitro adherence assay. The adherence assay was
done by combining 200 ,u1 of the radiolabeled bacteria
to 200 ,u1 of the HBEC (GNB-to-HBEC ratio, 5,000:1).
Both solutions were pH-adjusted, and the mixture was
incubated in a shaking water bath at 37'C for 1 h. The
nonadherent bacteria were removed by pouring the
mixture over 10-,um polycarbonate filters (Nuclepore
Corp., Pleasanton, Calif.) on a vacuum manifold (Mil-
lipore Corp., Bedford, Mass.) and washing extensively
with pH-adjusted PBS. The filters were dried in scintil-
lation vials, scintillation cocktail was added, and the
filters were then counted for 1 min in a Packard liquid
scintillation spectrometer (Packard model no. 3002, La
Grange, Ill.). A known number of organisms was also
counted in a similar fashion to determine the specific
activity (counts per organism) for each bacterial strain.
Specific activities for the three organisms ranged from
0.001 to 0.003 and were determined in each experi-
ment. To express our results, we used these values to
convert the absolute number of counts into the number
of GNB per HBEC. In preliminary studies, visual
counting was compared with counting by the radioiso-
tope method, and a correlation coefficient of 0.973 was
found. The pH range examined was from 5.5 to 7.2.
The pH of normal stimulated saliva is between 7.2 and
7.6 (11). In our statistical analysis we used 7.2 as our
reference value, with statistical significance (P < 0.05)
determined by the Student t test.

Salivary flow, pH, and strain K84 adherence to
HBEC of xerostomia patients and controls. For our
studies with HBEC from xerostomia patients we mea-
sured strain K84 adherence at pH 7.2, using the same
radioisotope adherence techniques described above.
Of the 14 patients with xerostomia, 9 had Sjogren's
syndrome and 5 had radiation-induced sialadenitis
secondary to head and neck cancer therapy. Of these
14 patients, 8 had saliva studies (3 Sjogren's and 5
radiation sialadenitis) to determine representative sali-
vary flow rates and pH. Six normal control patients
had similar studies. Unilateral, lemon drop-stimulated
parotid saliva was collected for 10 min, using a modi-
fied Carlson-Crittenden saliva cup (18). The saliva was
collected under oil in 15-ml conical centrifuge tubes
(Falcon Plastics, Oxnard, Calif.), a method which we
had previously determined would maintain pH stabil-
ity for up to 6 h. Saliva volume and pH were measured
immediately after collection.

RESULTS
Effect of pH on Kkebsiella adherence to normal

HBEC. Figure 1 summarizes the results of stud-
ies that examined the effect of pH on the adher-
ence of three Klebsiella strains to normal
HBEC. K84, a strain of K. pneumoniae, exhibit-
ed low adherence of 10.8 ± 2.2 (mean ± stan-
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FIG. 1. Influence of pH on the adherence of (A) K.
pneumoniae 84, (B) K. oxytoca 90, and (C) K. oxytoca
181 to HBEC. Adherence is expressed as the number
of GNB per HBEC. The pH values studied were 5.5,
6.0, 6.2, 6.5, 6.8, and 7.2.

dard error of the mean) organisms per HBEC at
a pH of 7.2, which increased to a maximum of
74.2 ± 14.9 GNB per HBEC at a pH of 6.5
(panel A). This difference is significant at P <
0.001. In contrast, adherence of K90 (panel B)
and K181 (panel C), two K. oxytoca strains, was
low at a pH of 7.2 and was not significantly
affected by reducing pH in the range studied.

Salivary flow, pH, and adherence in xerostomia
patients versus controls. In the eight xerostomia
patients studied, the mean stimulated salivary
flow was 0.30 + 0.06 ml per min (mean ±
standard error of the mean) compared with 0.76
± 0.08 ml per min in six controls (P < 0.001).
This confirms that stimulated salivary flow mea-
surements are discriminating in separating xero-
stomia patients from normal individuals (3, 20).
The mean pH of the stimulated saliva in the
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TABLE 1. Adherence of K. pneumoniae 84 to
buccal epithelial cells of xerostomia patients and

controls

population No. Adherencea P

All 14 41.6 ± 9.0 <0.01
xerostomia

Sjogren's 9 34.0 ± 7.8 <0.05
Radiation 5 61.4 ± 25.0 <0.005

sialadenitis
Controls 22 18.3 ± 4.9

a Expressed as number of strain K84 (mean number
of bacilli) per HBEC ± standard error of the mean.
The pH used in these experiments was 7.2.

xerostomia patients was 6.39 ± 0.41 versus 7.45
± 0.05 in the controls (P < 0.025), thus confirm-
ing that the pH of saliva from patients with
xerostomia is significantly reduced.
Next we compared strain K84 adherence to

HBEC from xerostomia patients and controls
(Table 1). In the 14 xerostomia patients (9 Sjo-
gren's and 5 radiation sialadenitis), the mean
number of bacilli per HBEC was 41.6 ± 9.0
compared with 18.3 ± 4.9 in 22 controls (P <
0.01). Similarly, strain K84 adherence to buccal
cells of the Sjogren patients and the radiation-
induced sialadenitis patients, when analyzed
separately, was statistically different from that
of controls (P < 0.05 and P < 0.005, respective-
ly).

DISCUSSION
In the past, emphasis on the study of nosoco-

mial pneumonias has focused on the characteris-
tics of the microorganisms involved. More re-
cently, investigators have examined host factors
that may predispose patients to infection (8). We
propose that salivary flow and pH are important
host factors in preventing GNB adherence and
colonization of oropharyngeal epithelial cells
and subsequent nosocomial respiratory infec-
tions. This hypothesis is based on our finding
that a strain of K. pneumoniae showed increased
adherence to buccal cells of normal individuals
at reduced pH, suggesting that low oral pH may
predispose to abnormal adherence and coloniza-
tion with this pathogen. In contrast, adherence
of two strains of K. oxytoca, a less common
respiratory pathogen, was not enhanced at re-
duced pH. As a corollary, the adherence of K.
pneumoniae 84 to buccal cells of xerostomia
patients was increased. This suggests that re-
duced salivary flow induced some alteration of
the buccal epithelial surface that permitted en-
hanced bacterial adherence. This alteration may
be related to the decreased intraoral pH seen in
xerostomia patients but could be due to other
factors. An interesting possibility is that de-

creased salivary flow could result in increased
saliva proteolytic activity, a condition which
Woods et al. have shown is related to increased
GNB adherence (23). The mechanism they pro-
pose is that proteolytic activity damages cell
surface fibronectin, uncovering bacterial binding
sites present on the cell surface. Although it had
been previously reported that patients with Sjo-
gren's syndrome and radiation-induced sialaden-
itis have increased colonization with GNB (1,
13), our data are the first to demonstrate that
bacterial adherence, the in vitro correlate of
colonization, is also increased in these patients
with a strain of K. pneumoniae.
Decreased salivary flow and lowered oral pH

may be important in many patient populations at
risk for nosocomial pneumonia. Indeed, alter-
ations in saliva production may be a "common
denominator" that underlies increased oropha-
ryngeal colonization by GNB in such diverse
groups as patients in intensive care units (10),
those undergoing elective surgery (8), elderly
institutionalized individuals (19), as well as
those with pathological xerostomia (1, 13). Fac-
tors common to these individuals and to other
groups of hospitalized patients that may disrupt
normal saliva production include decreased oral
intake, normally a major stimulus to salivation,
drugs that interfere with saliva production (e.g.,
anticholinergics and phenothiazines), and de-
creased mentation, which interferes with per-
ception of stimuli to salivation. The net result is
decreased saliva flow and reduced oral pH,
conditions that we have found to result in in-
creased adherence of K. pneumoniae 84 to buc-
cal epithelial cells.

Salivation may prevent GNB adherence by
many mechanisms other than regulation of oral
pH. Stimulated saliva has a cleansing action that
retards bacterial attachment (12). Salivary gly-
coproteins can competitively inhibit the adher-
ence of certain bacterial species (17, 22). Saliva
also contains immunoglobulin A antibodies that
can bind specifically to bacteria (21) and aggluti-
nins that promote bacterial clumping and facili-
tate clearance (7). Also, there are components of
saliva that have direct antibacterial action such
as lactoferrin (2) and lysozyme (5). As such, it
may be that Upton Sinclair's adage that " nature
castigates those that don't masticate" (4) should
have been directed to physicians in the manage-
ment of hospitalized patients.
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