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Polyphosphate (polyP) has gained a wide interest in the food industry due to its potential as a decontaminating agent. In this
study, we examined the effect of sodium tripolyphosphate (polyP3; Na5P3O10) against planktonic and biofilm cells of Prevotella
intermedia, a major oral pathogen. The MIC of polyP3 against P. intermedia ATCC 49046 determined by agar dilution method
was 0.075%, while 0.05% polyP3 was bactericidal against P. intermedia in time-kill analysis performed using liquid medium. A
crystal violet binding assay for the assessment of biofilm formation by P. intermedia showed that sub-MICs of polyP3 signifi-
cantly decreased biofilm formation. Under the scanning electron microscope, decreased numbers of P. intermedia cells forming
the biofilms were observed when the bacterial cells were incubated with 0.025% or higher concentrations of polyP3. Assessment
of biofilm viability with LIVE/DEAD staining and viable cell count methods showed that 0.05% or higher concentrations of
polyP3 significantly decreased the viability of the preformed biofilms in a concentration-dependent manner. The zone sizes of
alpha-hemolysis formed on horse blood agar produced by P. intermedia were decreased in the presence of polyP3. The expres-
sion of the genes encoding hemolysins and the genes of the hemin uptake (hmu) locus was downregulated by polyP3. Collec-
tively, our results show that polyP is an effective antimicrobial agent against P. intermedia in biofilms as well as planktonic
phase, interfering with the process of hemin acquisition by the bacterium.

Prevotella intermedia is a black-pigmented anaerobic Gram-
negative bacterium which has long been known to be associ-

ated with oral diseases, such as chronic periodontitis (1–3), ag-
gressive periodontitis (4–6), puberty-associated gingivitis, acute
necrotizing ulcerative gingivitis (7, 8), periapical periodontitis (9,
10), and noma (an acute gangrenous disease) (11, 12). Besides
being involved in oral diseases, P. intermedia has also been re-
ported to be associated with various systemic diseases, such as
cystic fibrosis, chronic bronchitis (13–15), and atherosclerosis
(16). Difficulty in controlling the bacterium has been attributed to
resistance of P. intermedia to many antibiotics, including penicil-
lins, cephalosporins, and tetracyclines (17, 18). Moreover, P. in-
termedia cells form a biofilm in which the bacterial cells become
more resistant to antibiotics (19). Because biofilm can serve as a
reservoir of antibiotic resistance (20), it is of clinical significance to
develop alternative antimicrobial approaches for controlling
antibiotic-resistant P. intermedia.

Inorganic polyphosphate (polyP) is a chain of few or many
hundreds of phosphate (Pi) residues linked by high-energy phos-
phoanhydride (21). Intracellular polyP found in bacteria is con-
sidered a virulence factor since it performs various functions, such
as serving as an ATP source and substitute, a regulator of the
intracellular levels of metal ions, a channel for DNA entry, and a
regulator that contributes to bacterial resistance and survival un-
der stress conditions (21). Meanwhile, exogenous polyP has been
known to possess antimicrobial effects against not only various
Gram-positive bacteria, such as Sarcina lutea (22), Staphylococcus
aureus (22–25), Listeria monocytogenes (25, 26), and Bacillus cereus
(27), but also fungi, such as Aspergillus flavus (23). Due to its
antimicrobial activity, polyP has gained a wide interest in the food
industry as a decontaminating agent. In fact, several polyPs, such
as sodium trimetaphosphate (STMP; Na3P3O9) and sodium trip-
olyphosphate (STPP, polyP3; Na5P3O10), are listed as generally

recognized as safe (GRAS) food additives by the FDA. Its antimi-
crobial activity with GRAS-level safety has drawn our attention
toward the clinical application of polyP in oral infectious diseases.

It has been reported that the antibacterial effect of polyP
against Gram-positive bacteria, including mutans streptococci, is
related to its ability to chelate divalent cations, resulting in cell
division inhibition and loss of cell wall integrity (22, 23, 27–29). In
contrast to the case with Gram-positive bacteria, large numbers of
Gram-negative bacteria, including Escherichia coli and Salmonella
enterica serovar Typhimurium, are able to grow in the presence of
polyP at concentrations even up to 10% (22, 23, 30). These obser-
vations, together with less important role for the divalent cations
in the membrane stability of Gram-negative bacteria, have led to
the general assumption that polyP is ineffective against Gram-
negative bacteria.

Recently, however, polyP was demonstrated to be bactericidal
against Porphyromonas gingivalis, a black-pigmented anaerobic
Gram-negative rod associated with periodontal disease (31). The
MICs of polyP with different linear phosphorus chain lengths (3
to 75) for the bacterium were 0.06%, which is much lower than the
MICs previously reported for Gram-positive bacteria (31). Nota-
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bly, there is ample evidence to show that the mode of bactericidal
action of polyP against Gram-negative bacteria is different from
that against Gram-positive bacteria: antibacterial activity of polyP
against P. gingivalis was independent of the bacterial growth
phase, and no P. gingivalis cells with obviously aseptate and elon-
gated morphology were observed when the bacterial cells were
exposed to polyP (31).

Although polyP has fascinating properties required for ideal
periodontal agents, such as a broad antimicrobial activity (22–25,
27, 29, 31), safety (32), and even bone forming activity (33), an
antibacterial effect of polyP against periodontal pathogens except
P. gingivalis has not been demonstrated. The aim of the present
study was to observe the effects of polyP against periodontopathic
P. intermedia in planktonic phase and biofilm.

MATERIALS AND METHODS
Bacterial strain and culture condition. P. intermedia ATCC 49046 was
obtained from the American Type Culture Collection (Manassas, VA).
The bacterium was grown in brucella agar (Becton, Dickinson and Com-
pany, Sparks, MD) supplemented with 5% sheep blood or in brucella
broth (Becton, Dickinson and Company). Both media were supple-
mented with 5 �g/ml of hemin (Sigma Chemical Co., St. Louis, MO) and
1 �g/ml of vitamin K1 (Sigma). The culture was incubated at 37°C in an
anaerobic chamber (85% N2, 10% H2, and 5% CO2) (Forma Scientific
Company, Marietta, OH).

Assessment of MICs. polyP with chain length 3 (polyP3; Na5P3O10),
which is listed as GRAS (polyP), was purchased from Sigma Chemical Co.
polyP3 was dissolved in distilled water to 10% (wt/vol), sterilized using a
0.22-�m filter, and stored at �20°C until use. The MIC of polyP3 was
determined by the agar dilution method as described previously (31).
Briefly, various concentrations of polyP3 were prepared and added to
brucella blood agar supplemented with 5 �g/ml of hemin and 1 �g/ml of
vitamin K1. The final concentrations of polyP3 ranged from 0.025% to
0.4%. The agar plates were inoculated with approximately 105 to 106 cells/
spot and incubated at 37°C for 3 days. The MIC was defined as the lowest
concentration that inhibited the bacterial growth on brucella blood agar
according to CLSI guidelines (34).

Time-kill analyses. Time-kill experiments were performed in brucella
broth supplemented with 5 �g/ml of hemin and 1 �g/ml of vitamin K1

(B-HK). Inocula of approximately 105 to 106 P. intermedia cells/ml grown
to exponential phase were incubated with polyP3. Aliquots were removed
from the cultures at 4-h intervals for 24 h, and viable cells were enumer-
ated by plating them on brucella blood agar supplemented with 5 �g/ml of
hemin and 1 �g/ml of vitamin K1.

Quantification of biofilm biomass. The biofilm formation assay was
performed as described previously (35, 36). Briefly, P. intermedia was
grown to exponential phase and then adjusted to an optical density at 600
nm (OD600) of approximately 0.1. The bacterial suspension was dispensed
(500 �l per well) into triplicate wells of 24-well polystyrene flat-bottom
microtiter plates containing various concentrations of polyP3 in B-HK
(500 �l) and incubated at 37°C anaerobically. Heat-killed bacterial cells
that were initially killed by exposure to 100°C for 10 min were included as
controls. Bacterial cell death was confirmed by culturing the heat-killed
cells onto brucella blood agar. After 24 h, planktonic and loosely bound
bacterial cells were removed by aspirating the spent media, followed by
washing twice with physiological saline. Then, the remaining biofilm cells
were stained with 0.1% crystal violet for 10 min. The plates were washed
three times with distilled water and air dried. Then, 800 �l of 100%
ethanol was added to release the crystal violet from the biofilm, and the
absorbance of the released crystal violet was measured at a wavelength of
600 nm. The OD reading from sterile medium, dye, and ethanol was
subtracted from all the test values.

Scanning electron microscopy (SEM). Biofilms of P. intermedia were
developed in the wells of 24-well polystyrene plates for 24 h in the presence

of various concentrations of polyP3 as described above. After gentle wash-
ing with physiological saline three times, the biofilms were fixed by incu-
bation for 1 h at room temperature with 2.5% (wt/vol) glutaraldehyde
prepared in a filter-sterilized phosphate buffer (0.1 M; pH 7.4) and then
rinsed three times for 10 min each in distilled water. The biofilms were
postfixed with 1% (wt/vol) osmium tetroxide in 0.1 M phosphate buffer
for 1 h, followed by a quick rinse in distilled water. The fixed biofilms were
dehydrated in successive ethanol-water mixtures with increasing ethanol
concentrations of 25%, 50%, and 75% by volume for 10 min each and
then twice in pure ethanol for 10 min each. The biofilm samples were
dried by critical point drying and then coated with gold using a sputter
coater (IB-3; Eiko, Tokyo, Japan). Observations were performed at 15 kV
with a scanning electron microscope (model S-4700; Hitachi High Tech-
nologies America, Inc., Pleasanton, CA).

Viscosity of spent culture media. P. intermedia was grown to expo-
nential phase and adjusted to an OD600 of approximately 0.3. The bacte-
rial suspension was further incubated in the presence or absence of polyP3
at a concentration of 0.025% (1/3� MIC). After a 48-h incubation, the
polyP3-treated culture medium was centrifuged to remove cells and ster-
ilized using a 0.45-�m filter. The untreated culture medium was centri-
fuged, filter sterilized, and treated with polyP3 at various concentrations
(0.05 to 1%) for 8 h. The viscosity of each culture medium was measured
at 25°C using an SV-10 vibroviscometer (A&D Company Ltd., Tokyo,
Japan) to determine the amount of extracellular polymeric substance
(EPS) produced by P. intermedia.

Measurements of viability and biomass of preformed biofilms. P.
intermedia was grown to exponential phase and adjusted to an OD600 of
approximately 0.3. The bacterial suspension was dispensed (200 �l per
well) into a polystyrene 96-well plate. Several identical microtiter plates
were prepared for measurements of viability and biomass of preformed
biofilms. After 24 h of incubation at 37°C anaerobically, planktonic and
loosely bound bacterial cells were removed by aspirating the spent media
without disturbing the biofilms on the surface of the plates. Then, the
preformed biofilms were further incubated in 200 �l of physiologic saline
containing polyP3 at various concentrations. After 24 h, quantification of
the biofilm biomass was performed as described above employing the
crystal violet staining method. The enumeration of viable biofilm bacteria
was also performed. Briefly, the plates were washed twice with physiolog-
ical saline, and the biofilm cells in each well of the plates were detached by
pipetting and scraping the surface of the well using a pipette tip. After
10-fold serial dilutions, the detached cells were subsequently enumerated
by plating them on brucella blood agar supplemented with 5 �g/ml of
hemin and 1 �g/ml of vitamin K1.

Confocal laser scanning microscopy (CLSM). P. intermedia biofilms
were established on glass-bottom confocal dishes (SPL Lifesciences, Re-
public of Korea) as described above. Following exposure to polyP3 at
various concentrations for 24 h, the biofilms were stained with a LIVE/
DEAD BacLight bacterial viability kit (Invitrogen, Eugene, OR) according
to the manufacturer’s instructions. Then the biofilms were examined un-
der a confocal laser scanning microscope (Nikon D-Eclipse C1si; Nikon,
Japan).

Hemolysis assay on solid medium. Various concentrations of polyP3
were prepared and added to brain heart infusion agar (BHIA; Becton,
Dickinson and Company) containing 5% horse blood but without hemin
and vitamin K1. The horse blood BHIA plates were inoculated with
approximately 108 P. intermedia cells/spot. The inoculated plates were
then incubated at 37°C anaerobically. The area of the beta-hemolysis zone
around the spot was observed at 24-h intervals for 5 days and then
quantified using ImageJ version 1.49j (National Institutes of Health, Be-
thesda, MD).

qRT-PCR. A P. intermedia culture grown to an OD600 of approxi-
mately 0.3 was divided into two aliquots. One was left unexposed, while
the other was exposed to 0.05% polyP3. After anaerobic incubation for 2
h and 3 h, cells of each group were harvested. Total RNAs from P. inter-
media cells were prepared using TRIzol reagent (Invitrogen). cDNA was
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synthesized from 0.5 �g of RNA using the RevertAid first-strand cDNA
synthesis kit (Thermo Scientific, Wilmington, DE). To identify the ex-
pression value of genes related to hemin (oxidized form of heme) uptake
and hemolysis, quantitative real-time PCR (qRT-PCR) was performed
using specific primers for the selected genes (Table 1). The primers were
designed based on the genome sequence of P. intermedia ATCC 49046
deposited in GenBank whole-genome shotgun sequence databases (Bio-
Project no. PRJNA281562). qRT-PCR was carried out using 3 �l of di-
luted cDNA (�40 ng/�l) and 250 nM primers for each 20-�l reaction
mixture. Analysis was carried out on the MiniOpticon real-time PCR
detection system (Bio-Rad Laboratories, CA) using SYBR Premix Ex Taq
(TaKaRa, Kyoto, Japan) with the following conditions: 95°C for 3 min and
then 40 cycles of 95°C for 25 s, 60°C for 25 s, and 72°C for 25 s. To confirm
that a single PCR product was amplified, melting-curve analysis was per-
formed under the following conditions: 65°C to 95°C, with a heating rate
of 0.2°C per s. All PCRs and melting-curve experiments were always per-
formed in triplicate, and each experiment included a negative control in
which distilled water was added instead of template DNA. All quantifica-
tions were normalized to the P. intermedia 16S rRNA gene.

Statistical analyses. Statistical analyses were performed in accordance
with the results of Shapiro-Wilk test of normal distribution. The data were
further analyzed by use of 1-way analysis of variance (ANOVA), followed
by the Tukey’s honestly significant difference (HSD) multiple-compari-
son post hoc test. All values were expressed as means � standard deviations
(SDs). All statistical analyses were performed using IBM SPSS version 22
statistical software (IBM SPSS, Chicago, IL).

RESULTS
Effect of polyP3 against planktonic P. intermedia ATCC 4906.
By the agar dilution method, the MIC of polyP3 against P. inter-
media ATCC 49046 was determined to be 0.075% (Fig. 1A). The
antibacterial effect of polyP3 on planktonic P. intermedia cells was
further monitored in B-HK by counting viable cells at 4-h inter-
vals for 24 h. As shown in Fig. 1B, 0.025% polyP3 had no apparent
killing effect on planktonic P. intermedia cells. The bactericidal
effect of polyP3 was observed at a concentration of 0.05%, which is
lower than the MIC assessed on the brucella agar plate, and com-
plete killing was observed at 16 h. In the presence of 0.075%
polyP3, P. intermedia cells were completely killed after 8 h.

Effect of polyP3 on the development and ultrastructure of
biofilms. We investigated the effect of polyP3 on biofilm forma-
tion of P. intermedia by the crystal violet staining method using

microtiter plates. As shown in Fig. 2A, polyP3 at concentrations of
0.025 to 0.1% decreased the amount of P. intermedia biofilm to
39.7 to 7.5% of the control. It was found that a small amount of the
heat-killed P. intermedia cells adhered to the surface of the poly-
styrene culture plate. The amount of the surface-attached popu-
lation formed by viable cells of P. intermedia that were incubated
with 0.075 to 0.1% polyP3 was the same as or even lower than the
amount of the heat-killed cells attached to the surface. SEM ob-
servation revealed that P. intermedia biofilm grew prolifically on
the polystyrene surface of the culture plate, showing a multilay-
ered structure in the absence of polyP3 (Fig. 2B). Incubation of P.
intermedia with 0.025% polyP3 for 24 h did not cause any detect-
able change in bacterial cell shape but substantially decreased the
density of the biofilm cells. Many fewer P. intermedia biofilm cells
were observed on the plate when the bacterium was incubated
with 0.05 and 0.1% polyP3 for 24 h, and some small pieces of cell
debris were also found. Even the biofilm cells, especially when
incubated with 0.1% polyP3, appeared to be irregular in shape and
shorter than biofilm cells in the presence of 0 to 0.05% polyP3.

Effects of polyP3 on preformed biofilms. Bacteria that live
inside the biofilm are strongly resistant to antimicrobials. High
levels of antibiotic resistance were found in P. intermedia ATCC
49046 biofilms (19). To identify whether polyP3 also has inhibi-
tory activity against already established P. intermedia ATCC 49046
biofilms in vitro, we measured the biomass and the viability of the
biofilms by crystal violet staining and viable cell count, respec-
tively. As shown in Fig. 3A, the biofilm biomass of the preformed
biofilm exposed to polyP3 (0.025 to 0.4%) was decreased to 78.2 to
72.8% of the control. On the other hand, polyP3 (0.05 to 0.4%)
significantly decreased the biofilm viability, to 75.4 to 10.6%, in a
concentration-dependent manner. The viability of the preestab-
lished P. intermedia biofilms exposed to polyP3 (0.05 to 0.4%) was
further examined by CLSM. The biofilms were stained with a
LIVE/DEAD BacLight bacterial viability kit consisting of green
fluorescent SYTO 9, which stains live bacteria, and red fluorescent
propidium iodide, which only penetrates nonviable bacterial cells
with damaged or perturbed cell membranes (35). While unex-
posed control biofilm was shown to be predominantly green (vi-

TABLE 1 Primers used in this study

Gene Primer directiona Primer sequence Putative identification

16S rRNA F TGTTACAATGGGAGGGACAAAGGG
R TTACTAGCGAATCCAGCTTCACGG

hmuY F CAACAACGACGACCCAAACC
Lipoprotein HmuY

R TTCACCGTTGTTGATGCGTG
hmuR F CCTTGTTGTGGGCGGAAAAG

TonB-dependent receptor HmuR
R CCGTATAGTAGAGGCGTGCG

hmuS F CAACAGGTGGCTGACATTGC
Hemin transport protein HmuS

R TATCCTCGCGCTTCATCACC
hmuU F CTGCCTGCATTGCGAAGATG

Permease HmuU
R GCCGAACCGACTTTACAACG

hmuV F TGATGGTGGCACTCGTAACC
Hypothetical protein HmuV

R TCTGCTTGCCCTTCTTCGAG
hlyC F TCTTCCTGTCCTTTTCGCCC

Hemolysin C
R AGTGGGGCAAAGAACGACAG

inpA F AGAGCTAACCACCACCAACG
Cysteine protease InterpainA

R AGTTGCGGAGGGTGGTTATG
a F, forward; R, reverse.
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able), the fraction of red color (nonviable) increased in the
polyP3-exposed biofilm (Fig. 3B).

Effect of polyP3 on EPS. EPS is the primary matrix material of
biofilm, and viscosity of culture supernatant is an indication of the
relative amount of EPS production in the culture (35, 37, 38).
Yamanaka et al. (39, 40) reported that clinical isolates of P. inter-
media designated strain 17 and strain OD1-16 produced man-
nose-rich EPSs, as revealed by the increased viscosity of the spent
culture media. In contrast, the viscosity of the spent culture media
of non-biofilm-forming bacteria, including P. intermedia ATCC
25611 and several P. gingivalis strains, was similar to that of the
control medium without bacterial inoculation (40). As observed
in our previous study (36), the viscosity of the spent culture me-
dium of P. intermedia ATCC 49046 was significantly increased, at
1.31 � 0.012 mPa · s, compared to that of the control B-HK me-
dium without bacterial inoculation after 48 h of incubation. To
identify whether polyP3 affects the amount of EPS produced by P.
intermedia, we measured the viscosity of the spent culture media
of the bacterium grown with and without 0.025% (1/3� MIC)
polyP3. No significant difference was seen between the viscosities
of the two spent culture media. The present study also measured
the viscosity of the cell-free culture supernatants following treat-
ment with polyP3 (0.05 to 1%) for 8 h. In the concentration range
used, polyP3 did not significantly affect the viscosity of the bacte-
rial spent culture medium. The degree of viscosity is strongly af-

fected by the extent of polymer cross-linking (41, 42). It has been
suggested that under appropriate conditions phosphates act as
cation chelators, in which case they may reduce the viscosity of
polysaccharide solutions as a result of decreased cation-induced
molecular cross-linking (43). Therefore, it appears that polyP3
may not act as a cation chelator that can directly affect the cross-
linking of polysaccharide in the EPS produced by P. intermedia.

Effects of polyP3 on hemolytic activity. During the determi-
nation of MIC performed using brucella agar supplemented with
sheep blood, hemin, and vitamin K1, differences in the zone sizes
of alpha-hemolysis formed on brucella blood agar plates supple-
mented or not with polyP3 were often observed (Fig. 1A).

It has been reported that P. intermedia had stronger hemagglu-
tinating and hemolytic activities with rabbit, horse, and human
erythrocytes than sheep erythrocytes (44, 45). It has been also
reported that the best hemolytic activity was observed for P. inter-
media growing in BHIA in the absence of hemin and vitamin K1

(44). Hence, we further examined the effect of polyP3 on hemo-
lytic activity of P. intermedia using horse blood BHIA without
supplementation of hemin and vitamin K1, which is capable of
inducing strong hemolytic activity of the bacterium. The mini-
mum time of incubation for the detection of hemolysis on the
horse blood BHIA was 3 days regardless of polyP3 addition. When
zone sizes of beta-hemolysis on horse blood BHIA plates by P.
intermedia were evaluated, they were found to be smaller on the

FIG 1 Antibacterial effect of polyP3 against P. intermedia ATCC 4906. (A) MIC determination of polyP3 by agar dilution method. The bacterial cells were spot
inoculated (approximately 105 to 106 cells/spot) onto brucella blood agar plates containing polyP3 at various concentrations and incubated at 37°C for 3 days
anaerobically. The MIC was defined as the lowest concentration that inhibited the bacterial growth on the plate. (B) Time-kill curve of polyP3 against P.
intermedia ATCC 49046 in liquid medium. Results are presented as the means � SDs from three independent experiments. In the presence of 0.05 and 0.075%
polyP3, complete killing of P. intermedia cells was observed at 16 h and 8 h, respectively.
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blood agar plates containing polyP3 than those on the plates with-
out polyP3 (Fig. 4).

Differential expression of the genes related to hemolysis and
hemin uptake. qRT-PCR was used to examine the expression of
the genes encoding hemolysins (HlyC and InpA) and the genes of
the hemin uptake hmu locus encoding HmuY, HmuR, HmuS,
HmuU, and HmuV. When P. intermedia cells were exposed to
0.05% polyP3 for 2 h, hmuY was upregulated over 1.5-fold, but the
other hmu genes were not changed; 3 h later, all of the genes tested
were downregulated over 2-fold (Fig. 5).

DISCUSSION

Black-pigmented anaerobes such as P. gingivalis, P. intermedia,
and Prevotella nigrescens depend largely on external hemin as an
iron source for their growth (45). Black pigment on the cell surface
of the species is believed to result from accumulation of hemin
(46). The redox potential of hemin, required as a prosthetic group
of cytochrome b, allows it to mediate electron transfer with gen-
eration of cellular energy (31, 46). These bacteria, by virtue of their
hemolytic activity, are capable of liberating the hemoglobin or
hemin from erythrocytes, thereby acquiring the essential nutrient
for their metabolism (44, 47, 48). It has been assumed that the
high hemolytic and hemagglutinating activities of P. intermedia
not only play a significant role in the growth of P. intermedia itself
but also support the growth of other black-pigmented anaerobes,
such as P. gingivalis, in subgingival sites (45).

In the present study, polyP3 was demonstrated to be an effec-
tive antibacterial agent against P. intermedia. The MIC of polyP3
determined by the CLSI agar dilution method was 0.075%. How-
ever, in time-kill analysis performed using liquid medium, com-
plete killing of the bacterial cells was observed with polyP3 at the
concentration of 0.05%, which is lower than the MIC assessed on
the brucella agar plate (Fig. 1). Similarly, in a previous study using
P. gingivalis W83, it was observed that the MIC of polyP with a
chain length of 75 (polyP75) determined by the CLSI agar dilution
method was 0.06%, while 0.03% polyP75 caused complete killing
of P. gingivalis in broth (31). These findings are also in agreement
with another study (49), in which agar dilution MICs tended to be
slightly higher than the MICs determined by broth dilution
methods.

Several studies have demonstrated that the antibacterial mech-
anism of polyP against Gram-positive bacteria is associated with
its metal ion-chelating nature. polyP induces direct lysis of S. au-
reus by chelation of structurally essential metal ions in their mem-
branes (24, 28). Another mechanism for antimicrobial activity of
polyP, suggested by Maier et al. (27), is that polyP may affect the
ubiquitous bacterial cell division protein FtsZ, whose GTPase ac-
tivity is strictly dependent on divalent metal ions. Indeed, polyP-
induced cell lysis was not observed in stationary-phase B. cereus,
which lacks active growth and cell division (27). Moreover, B.
cereus cells exposed to sublethal concentration of polyP exhibited
aseptate and elongated morphology (27). Recently, unlike most

FIG 2 Effect of polyP3 on biofilm formation and ultrastructure of P. intermedia ATCC 4906. A P. intermedia culture was diluted to an OD600 of approximately
0.1 in B-HK broth and then further incubated in 24-well plates with polyP3 at the indicated concentrations for 24 h. (A) Analyses of the biofilm biomass of P.
intermedia ATCC 49046. The biofilm biomass was quantitated by crystal violet staining. Heat-killed bacterial cells that were initially killed by exposure to 100°C
for 10 min were included as controls. Data are means � SDs from two independent experiments performed in triplicate. *, P � 0.05, versus value for control. (B)
SEM images of P. intermedia biofilm cells. Scale bars, 20 �m (upper) and 5 �m (lower).
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Gram-negative bacteria tested, P. gingivalis was demonstrated to
be susceptible to polyP (31). In the study, polyP exerted an anti-
bacterial effect against P. gingivalis cells in stationary as well as
exponential phase. Furthermore, no P. gingivalis cells with obvi-
ously aseptate and elongated morphology were observed when the
bacterial cells were exposed to polyP (31). Instead, it was observed
in the study that utilization of hemin in P. gingivalis was disturbed
by polyP.

In the present study, the zone sizes of beta-hemolysis produced
by P. intermedia were decreased on horse blood agar containing
polyP3 at sub-MICs (Fig. 4). These findings were confirmed by
our qRT-PCR, in which hlyC and inpA encoding representative P.
intermedia hemolysins (50) were downregulated by polyP3 (Fig.
5). These results clearly indicate that polyP3 inhibited hemolytic
activity of P. intermedia. Once released from host proteins, hemin
is transported into the cell, across two membranes of the Gram-
negative bacterium, to be utilized. The selected genes involved in
the hemin uptake system (20), i.e., hmuY, hmuR, hmuS, hmuU,
and hmuV, were also downregulated in P. intermedia exposed to
polyP3 for 3 h (Fig. 5). This result is similar to a previous obser-

vation with P. gingivalis W83, whose expression of the genes in-
volved in hemolysis and hemin transportation was downregulated
by polyP75 (31). All of these results suggest that polyP may affect
the hemin acquisition process in the black-pigmented anaerobes,
from hemolysis to transportation of hemin into cell.

Notably, the expression of hmuY was temporarily increased
1.64-fold at 2 h but was decreased 2.62-fold at 3 h (Fig. 5). It has
been known that iron affects the transcription of as many as 10 to
20% of genes identified in P. gingivalis genomes, and the hmu
locus is significantly upregulated under iron-limited conditions
(51). HmuY and HmuR are considered outer membrane hemin
receptors, while HmuSTUV proteins are involved in processing
and transport of the hemin molecule across the inner membrane
(51). Especially, HmuY lipoprotein is preferentially observed as
the major outer membrane protein of P. gingivalis under iron-
depleted conditions (52). Therefore, it seems that a temporal in-
crease in expression of hmuY reflects the struggle for iron in P.
intermedia whose hemin utilization is disturbed.

It should be noted that hemolysin production by P. gingivalis
was significantly increased when the bacterial cells were grown in

FIG 3 Effect of polyP3 on viability of preformed P. intermedia biofilm. Preestablished biofilms of P. intermedia ATCC 49046 were treated with polyP3 at the
indicated concentrations for 24 h. (A) Biofilm biomass was quantitated by crystal violet staining. The viable biofilm bacteria were enumerated by detachment of
cells, followed by agar plating count. The results are expressed as the means � SDs from two independent experiments performed in triplicate. *, P � 0.05, versus
value for control. (B) CLSM images of the P. intermedia biofilms. Magnification is �600.
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the presence of limiting hemin or in the absence of hemin (48) and
that hemolytic activity of P. intermedia was decreased in solid
media in the presence of hemin (44). In the present study, hemo-
lytic activity of P. intermedia was significantly decreased in the
presence of polyP3, as revealed by hemolysis assay on solid media
and qRT-PCR (Fig. 4 and 5). Based on all these results, we specu-
late that antibacterial effect of polyP3 against black-pigmented
Gram-negative bacteria is attributed to a disturbance of the heme
or hemin acquisition process either in the immediate vicinity or
on the surface of the bacterial cells, rather than induction of hemin
or iron depletion conditions through chelating hemin or iron in
the extracellular milieu of the bacterial cells.

Biofilm-grown cells express properties distinct from those of
planktonic cells, one of which is an increased resistance to antimi-
crobial agents (53). As for some antibiotics, the concentration
required to kill sessile bacteria in biofilm may be higher than a
thousand times the concentration required to kill planktonic bac-
teria of the same strain (54). Biofilm-forming bacteria possess
high resistance to antimicrobial agents by virtue of decreased met-
abolic activity, expression of resistant genes, or production of EPS
through which penetration of antimicrobial agents is restricted
(55–58).

In the present study, the biofilm formation by an inoculum of
P. intermedia ATCC 49046 incubated in B-HK for 24 h was com-
pletely inhibited in the presence of polyP3 at concentrations of
0.075% (1� MIC) and 0.1% (Fig. 2). It was also observed that the
amount of the biofilm formed by the bacterium was significantly
decreased by polyP3 even at a concentration of 0.025% (1/3�
MIC). On the other hand, EPS production by P. intermedia cells
was not affected by 0.025% polyP3, and even higher concentra-
tions of polyP3 (up to 1%) appeared not to affect the extent of

FIG 4 Effect of polyP3 on beta-hemolysis produced by P. intermedia ATCC
49046. Various concentrations of polyP3 were prepared and added to 5%
horse blood BHIA in the absence of hemin and vitamin K1. P. intermedia was
incubated on the agar plates for 5 days at 37°C. (A) Images of beta-hemolysis
zone produced after 3, 4, and 5 days. (B) Area of the beta-hemolysis zone
quantified using ImageJ version 1.49j (National Institutes of Health, Bethesda,
MD). Results are expressed as means � SDs from two independent experi-
ments.

FIG 5 Expression levels of the genes related to hemin uptake and hemolysis in the presence of 0.05% polyP3. The expression of the genes was measured by
qRT-PCR and normalized to that of the 16S rRNA gene. The expression level of each gene in the absence of polyP3 was set as 1-fold. The results are expressed as
the means � SDs from three independent experiments.
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cross-linking in the EPS, as reflected by the viscosity of the culture
media. Therefore, it is quite conceivable that the effect of polyP3 to
reduce biofilm formation of P. intermedia is mostly due to its
inhibitory effect on bacterial cell growth, thereby decreasing the
total number of bacterial cells. We also observed the effect of
polyP3 on already-formed P. intermedia biofilm. Higher concen-
trations of polyP (0.05 to 0.4%) reduced the survival rates of the
preformed biofilms by up to 89.4% in a concentration manner,
while lower concentrations of polyP (0.025 to 0.4%) caused a rel-
atively small but statistically significant decrease in the biofilm
biomass, by as much as 27.2% (Fig. 3). It seems that polyP3 is able
to easily diffuse through EPS and kill the bacteria in the biofilms.

Collectively, our results show that polyP is an effective antimi-
crobial agent against P. intermedia in biofilms as well as planktonic
phase. Moreover, the bactericidal effect of polyP against P. gingi-
valis has previously been confirmed. These results indicate that
polyP can be an alternative antibacterial agent for controlling
black-pigmented Gram-negative oral pathogens. It is noteworthy
that polyP not only has an excellent safety profile (32) but also can
enhance bone formation (33) and promote the growth, differen-
tiation, and angiogenic potential of human dental pulp cells (59).
Therefore, use of polyP seems to be a fascinating and safe strategy
in the prevention and treatment of oral diseases like chronic peri-
odontitis and endodontic infection-periapical periodontitis, in
which black-pigmented anaerobic bacteria are implicated, with an
expectation of its additional beneficial effects of promoting bone
formation and engineering dental pulp tissue. Applying such a
strategy, however, requires further study to ensure the effective-
ness of polyP against multispecies oral biofilms in vivo.
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