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The oral bacterium Porphyromonas gingivalis is a key etiological agent of human periodontitis, a prevalent chronic disease that
affects up to 80% of the adult population worldwide. P. gingivalis exhibits neuraminidase activity. However, the enzyme respon-
sible for this activity, its biochemical features, and its role in the physiology and virulence of P. gingivalis remain elusive. In this
report, we found that P. gingivalis encodes a neuraminidase, PG0352 (SiaPg). Transcriptional analysis showed that PG0352 is
monocistronic and is regulated by a sigma70-like promoter. Biochemical analyses demonstrated that SiaPg is an exo-�-
neuraminidase that cleaves glycosidic-linked sialic acids. Cryoelectron microscopy and tomography analyses revealed that the
PG0352 deletion mutant (�PG352) failed to produce an intact capsule layer. Compared to the wild type, in vitro studies showed
that �PG352 formed less biofilm and was less resistant to killing by the host complement. In vivo studies showed that while the
wild type caused a spreading type of infection that affected multiple organs and all infected mice were killed, �PG352 only
caused localized infection and all animals survived. Taken together, these results demonstrate that SiaPg is an important viru-
lence factor that contributes to the biofilm formation, capsule biosynthesis, and pathogenicity of P. gingivalis, and it can poten-
tially serve as a new target for developing therapeutic agents against P. gingivalis infection.

Sialic acid is a generic term to describe a group of over 40 nat-
urally occurring nine-carbon keto sugar acids (52, 67, 74).

Among these molecules, the most abundant and best-studied
sialic acid is N-acetylneuraminic acid (Neu5Ac). As such, the term
“sialic acid” in the literature primarily means this particular com-
pound. Sialic acids typically occupy the terminal positions within
glycan molecules on the surfaces of eukaryotic cells, where they
play important roles in a wide range of biological processes, in-
cluding cell-cell interactions and small molecule-cell recognitions
(70–73). Several pathogenic bacteria have evolved to utilize sialic
acids either as nutrients or as decorating molecules to modify their
surface-exposed macromolecules, including lipopolysaccharides
(LPS) and polysialic acid (PSA) capsules (11, 53, 74). These sialic
acid modifications allow bacterial pathogens to disguise them-
selves as host cells and thus circumvent and/or counteract the
host’s immune responses.

Bacteria have two primary routes to acquire sialic acids: by de
novo biosynthesis and by means of a scavenger pathway (53, 72,
74). For the first route, the metabolite UDP-GlcNAc can be con-
verted to Neu5Ac. In Escherichia coli, UDP-GlcNAc is first con-
verted to ManNAc by NeuC (UDP-GlcNAc 2-epimerase) and
then to Neu5Ac by NeuB (Neu5Ac synthase). For the second
route, bacteria can directly uptake free sialic acids from the envi-
ronments via transporters. They may also utilize neuraminidases
to release sialic acids from a diverse range of host sialoglycocon-
jugates. The released sialic acids can then be transported into the
cells. Neuraminidase is a family of enzymes that hydrolyze the
glycosidic linkage between a terminal sialic acid and an adjacent
glycosyl residue of certain glycoproteins, glycolipids, and oligo-
saccharides (1, 49, 50, 73). There are two types of neuraminidases.
One is exo-�-neuraminidase, which hydrolyzes �-(2-3)-, �-(2-
6)-, and �-(2-8)-glycosidic linkages of terminal sialic acids; the
other is endo-neuraminidase, which cleaves �-(2-8)-sialosyl link-
ages in oligo- or poly-sialic acids.

Neuraminidases have been identified in several pathogenic
bacteria (53, 73), such as Vibrio cholerae (20), Streptococcus pneu-
moniae (47), and Pseudomonas aeruginosa (29, 38). In these
pathogens, neuraminidases are often associated with virulence.
The neuraminidase of V. cholerae enhances the activity of cholera
toxin (20). The two neuraminidases of S. pneumoniae contribute
to the progression of infection (e.g., promoting pneumococcal
brain endothelial cell invasion) (59, 69), and the neuraminidase of
P. aeruginosa increases the binding of this organism to host cells
(8). Neuraminidase activity has also been detected in several oral
bacteria, such as Tannerella forsythia and Porphyromonas gingiva-
lis (44, 66). T. forsythia possesses two neuraminidases, and one of
them (NanH) is associated with bacterial colonization and inva-
sion (28, 51).

P. gingivalis, a black-pigmented, asaccharolytic, Gram-negative
anaerobe (4), is considered a major pathogen in human periodon-
titis, which is a prevalent chronic disease that affects ca. 80% of the
adult population (27, 48, 58). P. gingivalis produces several viru-
lence factors, including LPS, capsule, fimbriae and a group of pro-
teolytic enzymes that cleave host proteins such as immunoglobu-
lin and complement components (6, 36, 54, 57). In addition, P.
gingivalis is highly invasive and is able to invade a variety of host
cells (35). The de novo biosynthesis pathway of Neu5Ac is not
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evident in the genome of P. gingivalis (45); however, previous
studies suggest that it produces neuraminidase (3, 44). For in-
stance, Moncla et al. examined 25 P. gingivalis isolates and found
that they all had neuraminidase activity, suggesting that neur-
aminidase commonly exists in P. gingivalis strains and that it may
play a very important role in the biology and pathogenesis of P.
gingivalis. In the present study, a gene encoding a neuraminidase
was identified, and its enzymatic activity was analyzed. Its roles in
biofilm formation, capsule synthesis, serum killing resistance, and
virulence were explored using an approach consisting of biochem-
istry, targeted mutagenesis, cryoelectron microscopy (cryo-EM)
and cryoelectron tomography (cryo-ET), and both in vitro and in
vivo virulence studies.

MATERIALS AND METHODS
Ethics statement. All animal experimentation was carried out in strict
accordance with the recommendations in the Guide for the Care and Use
of Laboratory Animals of the National Institutes of Health. All surgery was
performed under sodium pentobarbital anesthesia, and all efforts were
made to minimize suffering. Human serum samples were collected from
two healthy volunteers in the laboratory, and a written informed consent
was provided by two participants. The protocols for animal studies and
the use of human serum were approved by the Institutional Animal Care
and Use Committee (IACUC; permit number: ORB23068Y) and the
Human Subjects Review Committee (HSIRB; permit number:
ORB0321006E) of the State University of New York at Buffalo, respec-
tively.

Bacterial strains and growth conditions. P. gingivalis W83 (Pg83)
(45), ATCC 33277 (Pg33277) (26), and FDC381 (Pg381) (9) strains were
grown either in Trypticase soy broth (TSB; BD Diagnostic Systems,
Sparks, MD) supplemented with vitamin K (1 �g ml�1) and hemin (5 �g
ml�1) or on TSB agar plates containing 5% defibrinated sheep blood,
vitamin K, and hemin (PML Microbiologicals, Wilsonville, OR) at 37°C in
an anaerobic atmosphere of 80% N2, 10% H2, and 10% CO2 as previously
described (9). E. coli TOP10 (Invitrogen, Carlsbad, CA) was used for DNA
cloning, strain DH5� was used for �-galactosidase assays, and strain M15
used for preparing recombinant proteins. E. coli strains were cultured in

lysogeny broth (LB) supplemented with appropriate concentrations of
antibiotics.

Reverse transcription-PCR (RT-PCR) and RNA ligase-mediated
rapid amplification of cDNA ends (RLM-RACE). Total RNA was ex-
tracted from 100 ml of exponential-phase P. gingivalis cultures using TRI
reagent (Sigma-Aldrich, St. Louis, MO) according to the manufacturer’s
instructions. The resultant samples were treated with Turbo DNase I
(Ambion, Austin, TX) at 37°C for 2 h to eliminate genomic DNA contam-
ination. The obtained RNA samples were then extracted using acid-
phenol-chloroform, precipitated in isopropanol, and washed with 70%
ethanol. Finally, the RNA pellets were resuspended in RNase-free water.
RNA (1 �g) was reverse transcribed using avian myeloblastosis virus re-
verse transcriptase (Promega, Madison, WI) to generate cDNA.

For RT-PCR analysis, 1 �l of cDNA was PCR amplified using Taq
DNA polymerase (Qiagen, Valencia, CA). The P. gingivalis 16S rRNA gene
was used as a positive control. The primers for RT-PCR are listed in Table
1. To determine the transcription start site upstream of PG0352, 5=-RACE
analysis was carried out using the FirstChoice RLM-RACE Kit (Ambion),
according to the manufacturer’s protocol. Purified P. gingivalis RNA (10
�g) was reverse transcribed to cDNA with a 5=-RACE adapter, followed by
PCR amplifications with primers P1/P2 (Table 1). The resultant PCR
products were cloned into pGEM-T-easy vector (Promega) and se-
quenced (Roswell Park Cancer Institute DNA Sequencing Laboratory,
Buffalo, NY).

�-Galactosidase activity assay. A fragment spanning from nucleo-
tides �425 to �3 of PG0352 was PCR amplified from Pg83 genomic DNA
with primers P3/P4, generating a fragment with engineered EcoRI and
BamHI cut sites at the 5= and 3= ends, respectively. The obtained fragment
was in-frame fused to the promoterless lacZ gene in the pRS415 plasmid
(56), creating a reporter vector, pRSCLPg352. The resultant plasmid was
transformed into E. coli DH5�. The �-galactosidase activity was measured
as previously described (25), and the activity was expressed as the average
Miller units of triplicate samples from two independent experiments.

Preparations of PG0352 recombinant protein and antiserum. The
entire open reading frame of PG0352 was PCR amplified with the primers
P18/P19 using Vent DNA polymerase (New England Biolabs, Ipswich,
MA). The resultant PCR product was cloned into pGEM-T vector (Pro-
mega) and then subcloned into pQE30 expression vector (Qiagen) at en-

TABLE 1 Primersused in this study

Primer Orientationa Sequence (5=–3=)b Description

P1 F ACCCGGAGGAAGGGATTCACTTAA PG0352 5=RACE inner primer
P2 R GCCCTTTGTAGTCCGGCAAGTC PG0352 5=RACE outer primer
P3 F GAATTCCTGGTTAGTTTTTGGTTTGTG PG0352 promoter conformation
P4 R GGATCCCATTCGAAAACAATTTTATACCG PG0352 promoter conformation
P5 F GCTCTTTCAGCTTGGTATAGG PG0352 upstream region
P6 R AGATCTGACATAACGTCGAGTCTTCGC PG0352 upstream region
P7 F AGATCTACGATCTCTTCGATGTCCGGC PG0352 downstream region
P8 R GACCTACCACGAATATCAACC PG0352 downstream region
P9 F AGATCTAGCTTCCGCTATTGCTTT erm cassette
P10 R AGATCTTTTATCTACATTCCCTTTAGT erm cassette
P11 F CACCGCAAATAATACTCTTTTGGCGA Confirmation of erm insertion
P12 F TGCCGTTGCAGAAAAGCC Confirmation of erm location
P13 R TTGCCGGACATCGAAGAGATCGTC Confirmation of erm insertion
P14 F TTGTCGGTTTCTGTTGGCTC Confirmation of PG0352 deletion
P15 R AAAGCTTTGCCTCATCGC Confirmation of PG0352 deletion
P16 F AGAGCTGTCGCCTGCCTC PG0352 RT-PCR
P17 R CTGTCGGCTCTCCTGCCGTC PG0352 RT-PCR
P18 F GTCGACATGGCAAATAATACTCTTTT Overexpression of PG0352
P19 R CTGCAGTTGCCGGACATCGAAGAGAT Overexpression of PG0352
a F, forward primers; R, reverse primers.
b The engineered restriction enzyme sites areunderlined.
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gineered SalI and PstI cut sites. The obtained plasmid was transformed
into E. coli M15 strain. The overexpression of PG0352 was induced with 1
mM IPTG (isopropyl-�-D-thiogalactopyranoside). The recombinant
protein was purified using Ni-NTA agarose (Qiagen) under native condi-
tions as previously described (65). The purified protein (rSiaPg) was dia-
lyzed overnight and then concentrated using a 6.0-kDa molecular cutoff
spectra membrane (Spectrum Laboratories Inc., Rancho Dominguez,
CA). The concentration of rSiaPg was determined using a Bio-Rad protein
assay kit (Bio-Rad Laboratories, Inc., Hercules, CA). Antiserum against
rSiaPg was raised as previously described (65).

Detection of neuraminidase activity. The neuraminidase activity was
detected by using a filter paper spot test as previously described (43, 44).
Briefly, rSiaPg or the whole-cell lysates of P. gingivalis were coincubated
with 4-methylumbelliferyl-�-D-N-acetylneuraminic acid (4-MUNANA;
Sigma-Aldrich), a fluorogenic neuraminidase substrate. Fluorescence was
detected using the ChemiDoc XRS System (Bio-Rad) with an excitation
wavelength of 302 nm and an emission wavelength of 548 nm.

Lectin blot assay. To determine the substrate specificity of rSiaPg, the
lectin blot analysis described before (23) was carried out. Briefly, 1 �g of
human �-1 acid glycoprotein (AGP) was coincubated with rSiaPg (0.6
nM) or with the Clostridium perfringens neuraminidase (NanH; Sigma-
Aldrich) in a reaction buffer (10 mM potassium phosphate buffer [pH
7.0]) for 12 h. After the incubation, the samples were separated by SDS–
12% PAGE and transferred to polyvinylidene difluoride membrane (Bio-
Rad). A DIG glycan differentiation kit (Roche, Mannheim, Germany) was
used to detect carbon hydrates within AGP according to the manufactur-
er’s instructions. Lectins from three plants—Sambucus nigra (SNA),
Maackia amurensis (MAA), and Datura stramonium (DSA)—were used
to detect terminal �-(2-6)-linked sialic acid, �-(2-3)-linked sialic acid,
and galactose linked to GlcNAc (14), respectively.

Constructing a P. gingivalis PG0352 deletion mutant. To inactivate
PG0352, its upstream and downstream regions were PCR amplified from
Pg83 genomic DNA using the primer pairs P5/P6 and P7/P8 (see Fig. S1
in the supplemental material), respectively. A previously described
ermF/AM erythromycin resistance (Ermr) cassette was PCR amplified us-
ing the primer pair P9/P10 (39). The amplicons were individually cloned
into pGEM-T Easy vector (Promega). The downstream fragment was re-
leased by BglII and NdeI digestion and then ligated to the 3= end of the
upstream fragment that had been digested at the same cut sites. The Ermr

cassette was then released by BglII digestion and inserted into the above
obtained fragment, generating PG0352-erm plasmid in which the entire
open reading frame of PG0352 was deleted and replaced with the Ermr

cassette. For the allelic-exchange mutagenesis, PG0352-erm plasmid was
linearized with NdeI. Approximately 10 �g of the linearized plasmid was
electroporated into the Pg83 cells, and the transformed cells were selected
on the blood TSB agar plates containing clindamycin (5 �g ml�1) as
described previously (18).

Measuring the growth rates and biofilm formation of P. gingivalis.
To measure the growth rates, 50 �l of overnight P. gingivalis cultures
(optical density at 600 nm [OD600] � 0.5) were inoculated into 5 ml of
normal TSB or TSB medium supplemented with hemin (5 �g ml�1) and
vitamin K (1 �g ml�1) without dextrose (BD Diagnostic Systems) and
cultured at 37°C in an anaerobic chamber. The absorbance (OD600) of
cultures at given times was measured using a Genesys spectrometer
(Thermo Scientific, Waltham, MA). Biofilm formation was measured as
previously described (24, 46, 77) with slight modifications. Briefly, Pg83
and �PG352 strains were grown to mid-log phase, and then the cell den-
sities (OD600) were measured to ensure that the same amounts of Pg83
and �PG352 cells were used for biofilm measurements. These cultures
were diluted 1:100 in phosphate-buffered saline (PBS; pH 7.4)-balanced
TSB broth (50% PBS), and then 100-�l portions of the diluted cultures
were added to 96-well flat-bottom polystyrene plates. The plates were then
incubated anaerobically at 37°C for 3 days, allowing time for biofilms to
develop. The biofilms were stained with 25 �l of 1% crystal violet for 15
min, washed with water three times, and then air dried for 30 min. To

quantify the amount of biofilms, 150 �l of 95% ethanol was added to each
well and shaken for 15 min. The absorbance (OD570) was measured with
an xMark microplate spectrophotometer (Bio-Rad). The data are ex-
pressed as the average absorbance of 12 parallel samples. The data were
statistically analyzed by one-way analysis of variance (ANOVA), followed
by Tukey’s multiple comparison at P � 0.01.

Cryo-EM and cryo-ET of frozen-hydrated P. gingivalis. Cryoelec-
tron microscopy (cryo-EM) and cryoelectron tomography (cryo-ET)
were carried out as described previously (40, 83). Briefly, the P. gingivalis
cultures (5 �l) were mixed with 15-nm gold particles, deposited onto a
freshly glow-discharged Holey carbon grid, blotted, and rapidly frozen in
liquid ethane. The frozen-hydrated specimens were imaged at �170°C
using a Polara G2 electron microscope (FEI Company, Hillsboro, OR)
equipped with a field emission gun and a 4K�4K charge-coupled device
(TVIPS, GmbH, Germany). The microscope was operated at 300 kV, and
cryo-EM images were recorded at the magnification of �23,000 (0.77
nm/pixel). A low-dose single-axis tilt series was collected from each bac-
terium at �8 �m defocus with a cumulative dose of �100 e�/Å2 distrib-
uted over 65 images with an angular increment of 2°, covering a range
from �64° to �64°. The tilt series images were aligned and reconstructed
using the IMOD software package (32). In all, 20 and 10 cryo-tomograms
from Pg83 and �PG352 were reconstructed, respectively. Tomographic
reconstructions were visualized using IMOD. One representative recon-
struction from Pg83 and �PG352 was segmented manually using Amira
3-D modeling software (Visage Imaging, San Diego, CA). The 3-D seg-
mentations of capsule (CPS), peptidoglycan (PG), outer membrane
(OM), and inner membrane (IM) were manually constructed.

India ink staining. The staining was carried out as previously de-
scribed (15) with slight modifications. P. gingivalis cells were taken from
4-day-old TSB agar plates and resuspended in 1 ml of PBS. Then, 10 �l of
suspended cells was dropped on a glass slide, and a thin film was made by
another slide. The film was air dried. A drop of 0.2% fuchsine (Sigma-
Aldrich) was carefully added to the film and removed after 2 min by
decanting. After air drying for 10 min, 10 �l of India ink (American
MasterTech Scientific, Inc., Lodi, CA) was dropped on one end of the film,
scraped by a clean slide to the other end, and then air dried again. A drop
of 40% glycerol was added to the film and then covered with a new glass
slip. Images were taken under a Zeiss Imager A2 microscope and pro-
cessed using the Axiovision program (Zeiss, Germany).

Serum resistance assay. Serum resistance assays were carried out as
previously described (57). Serum samples were collected from healthy
laboratory donors. After venipuncture, the blood was allowed to clot, and
the serum was separated by centrifugation. Serum samples were dispensed
in aliquots and frozen at �80°C within 2 h of blood collection. Each
aliquot was thawed once only. Heat-inactivated serum (used as a control)
was prepared by incubating aliquots of the serum at 56°C for 30 min.
Overnight cultures of P. gingivalis were diluted 1:10 in fresh TSB medium
and grown to early exponential phase (5 h). Aliquots containing 75-�l
bacterial cultures were mixed with 25 �l of serum (for a final concentra-
tion of 25% serum) and anaerobically coincubated for 1 or 3 h. After the
incubations, the samples were removed, serially diluted, and plated on
blood agar plates. The plates were incubated for 6 days before the colonies
were counted. The average percentage of surviving bacteria (the number
of living cells in fresh serum/the number of living cells in heat-inactivated
serum) was calculated from triplicate samples of two independent exper-
iments.

Animal studies and histopathology. Pg83, �PG352, and Pg381(a
noncapsular strain) were tested for the virulence in a mouse model as
previously described (18, 34). P. gingivalis strains were grown in TSB
medium overnight, and cultures (10 ml at OD600 � 1.0) were harvested by
centrifugation. The obtained cell pellets were washed twice with PBS un-
der anaerobic conditions, counted in a Petroff-Hausser counting cham-
ber (Hausser Scientific, Horsham, PA), and adjusted to 1011 ml�1 in PBS.
Four-week-old BALB/c mice (female) were subcutaneously injected with
100 �l of bacterial suspension (�1010 cells) on the dorsal surface. A group
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of mice was injected with PBS as a sham control. The general health,
weight, appearance, and location of lesions were monitored daily until
either the animals were dead or 10 days postinfection. Surviving mice were
euthanized 10 days after infection by CO2 asphyxiation. Various tissues
(skin with abscess, lung, liver, heart, spleen, and kidney) were collected
and fixed in 10% neutral buffered formalin. Hematoxylin and eosin slides
were prepared by standard pathological techniques. These experiments
were approved by the IACUC at the State University of New York at
Buffalo.

RESULTS
PG0352 is a neuraminidase. Neuraminidase activity has been de-
tected in different isolates of P. gingivalis (44). To identify the
enzyme(s) responsible for the activity, neuraminidases from other
bacterial species such as Clostridium perfringens (NanH) were
used as queries to search the genome of Pg83 (45). It was found
that the gene PG0352 encodes a well-conserved neuraminidase.
PG0352 (hereafter designated SiaPg) consists of 526 amino acids
(aa) and has a predicted molecular mass of 58.5 kDa. The N ter-
minus (1 to 30 aa) of SiaPg contains a putative signal peptide (see
Fig. S2 in the supplemental material), suggesting that this protein
is probably secreted. Following the signal peptide is a pepti-
doglycan-binding domain (30 to 180 aa). The C terminus (180 to
526 aa) is a conserved neuraminidase domain (12, 13, 84). Se-
quence alignment analysis further revealed that the C terminus of
SiaPg has a conserved catalytic domain of neuraminidase, which
consists of one RIP motif and three Asp-box motifs (S/T-X-D-[X]-
G-X-T-W/F) (Fig. 1), suggesting that SiaPg is a neuraminidase.

To confirm these observations, the filter paper spot assay was
carried out to test the enzymatic activity of recombinant SiaPg

protein (rSiaPg). As shown in Fig. 2, rSiaPg was able to cleave the
fluorogenic neuraminidase substrate, 4-MUNANA, and pro-
duced fluorescence (spot 1). This activity was completely abol-
ished when the protein was denatured (spot 2). In addition, a
neuraminidase specific inhibitor (82), 2,3-didehydro-2-deoxy-N-
acetylneuraminic acid (Neu5Ac2en), inhibited the activity of
rSiaPg (spots 3 and 4). Collectively, these results demonstrate that
SiaPg is a neuraminidase.

SiaPg has an exo-�-neuraminidase activity. To determine
whether SiaPg is an exo-neuraminidase or an endo-neuraminidase,

the lectin blot assay was carried out. For this assay, C. perfringens
neuraminidase (NanH, designated here as SiaCp), a well-studied
exo-�-neuraminidase (33), was used as a positive control. As
shown in Fig. 3, for the samples treated with PBS (lane 1), three
lectins (DSA, SNA, and MMA [described in Materials and Meth-
ods]) bound to AGP. After treatment with SiaCp (lane 3), SNA and
MMA failed to bind AGP, indicating that SiaCp removed the ter-
minal �-(2-6)-linked and �-(2-3)-linked sialic acid. The treat-
ment of rSiaPg had the same pattern as SiaCp (lane 2), showing that
SiaPg is an exo-�-neuraminidase like its counterpart of C. perfrin-
gens.

Transcriptional analysis of PG0352. The genes adjacent to
PG0352 are divergently transcribed (see Fig. S1 in the supplemen-
tal material), suggesting that this gene is monocistronic. To un-
derstand its regulation, RLM-RACE analysis was conducted to
determine its transcription start site. The start site was mapped to
an adenosine that is 101 nucleotides from the start codon of
PG0352 (Fig. 4). A promoter-like consensus was identified at the
�10 (TCTATT) and �35 (TTGGGA) regions (Fig. 4A), which is
similar to those of the �70 promoter of E. coli (68), suggesting that
PG0352 is probably regulated by a �70-like promoter. The identi-
fied promoter was named P0352. Transcription analysis using lacZ
gene as a reporter further showed that P0352 was functional in E.
coli. The �-galactosidase activity (the average value � 5190 � 284
Miller units) of a plasmid containing the P0352 promoter region

FIG 1 Sequence alignment of neuraminidases. The underlined sequences represent the conserved domains identified in neuraminidases, including a RIP motif
and three “Asp-box” motifs (S/T-X-D-[X]-G-X-T-W/F). Only a part of the alignment is presented. The aligned proteins include: Salmonella enterica serovar
Typhimurium strain LT2 NanH (NP_459905), T. forsythia ATCC 43037 NanH (TF0035) (http://www.oralgen.lanl.gov/index.html), and P. gingivalis W83
(PG0352). The alignment was conducted using the program CLUSTAL W2.

FIG 2 PG0352 (SiaPg) exhibits neuraminidase activity. (A) Preparation of
recombinant PG0352 protein (rSiaPg). (B) Filter paper spot test of rSiaPg. The
assay was conducted using 4-MUNANA as the substrate, and the images were
processed using the ChemiDoc XRS system (Bio-Rad) with an excitation
wavelength of 302 nm and an emission wavelength of 548 nm. Neu5Ac2en is
an inhibitor of neuraminidase.
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(pRSCLP0352) is �100-fold greater than that of pRS415 (average
activity � 54 � 11 Miller units), a promoterless vector (56). Col-
lectively, these results indicate that P0352 is a promoter that can be
recognized by the RNA polymerases and possibly by other tran-
scription factors of E. coli.

Isolation and characterization of PG0352 deletion mutant.
To study the function of SiaPg, the PG0352 gene was inactivated by
targeted mutagenesis as illustrated in Fig. S1 in the supplemental
material. Erythromycin-resistant (Ermr) colonies appeared 7 days
after plating, and 10 colonies were selected and screened by PCR
with specific primers to Ermr cassette. All of the examined colo-
nies contained the Ermr cassette. One clone (�PG352) was further
analyzed by PCR with different pairs of primers located at the
flanking regions of PG0352 and the Ermr cassette, and the results
showed that the PG0352 gene was deleted and replaced with Ermr

cassette as expected (see Fig. S1 in the supplemental material).
RT-PCR analysis showed that the PG0352 transcript was abol-
ished in the mutant (Fig. 5A). Western blot analysis using a spe-
cific antibody against SiaPg showed that the cognate gene product
was abrogated in the mutant (Fig. 5B).

The filter paper spot assay was repeated using the whole-cell
lysates of Pg83 and �PG352. As expected, the neuraminidase ac-
tivity was detected in Pg83 but was not in the mutant (Fig. 5C).

Collectively, these results showed that the PG0352 gene was totally
disrupted in the �PG352 mutant. In addition, the neuraminidase
activity was also detected in Pg33277 and Pg381 strains (see Fig. S3
in the supplemental material). Taken together with previous re-
ports (44), these results suggest that neuraminidase genes are
broadly distributed in P. gingivalis isolates.

Inactivation of PG0352 does not influence the planktonic
growth of P. gingivalis. To determine the influence of sialic acid
on the growth of P. gingivalis, Pg83 and �PG352 were first cul-
tured in normal TSB medium and then in the medium supple-
mented with exogenous Neu5Ac (30 �g ml�1). As shown in Fig. 6,
the mutant grew at rates similar to the wild type with or without
the sialic acid, indicating that SiaPg is not required for the plank-
tonic growth of P. gingivalis. The experiment was repeated using a
modified TSB medium in which dextrose was removed and sup-
plemented with Neu5Ac (30 �g ml�1), and it was found that both
Pg83 and �PG352 had a similar growth pattern (Fig. 6B), high-
lighting that P. gingivalis probably does not use sialic acid as a
nutrient at the in vitro culture conditions.

SiaPg influences the biofilm formation of P. gingivalis. To test
the effect of sialic acids on the biofilm growth of P. gingivalis, the
normal biofilm growth medium was supplemented with four dif-

FIG 3 Lectin blot analysis of rSiaPg. The assay was carried out as previously
described (23) using a DIG glycan differentiation kit (Roche). The DIG-
labeled SNA, MAA, and DSA lectins were used to detect terminal �-(2-6)-
linked sialic acid, �-(2-3)-linked sialic acid, and galactose linked to the GlcNAc
of human �-1 acid glycoprotein (AGP), respectively. The recombinant neur-
aminidase (rSiaCp) of C. perfringens was used as a positive control for detecting
the enzymatic activity (lane 3), and PBS was used as a negative control (lane 1).
Arrows point to the products detected by three lectins.

FIG 4 Transcriptional analysis of the PG0352 gene. (A) Upstream region of PG0352. The underlined sequences are the �10 and �35 regions of the identified
P0352 promoter, and the boldface italic sequence represents the translation start codon of PG0352. (B) 5=-RLM-RACE analysis of the PG0352 transcript. The arrow
shows the sequencing direction, and an asterisk (�) indicates the transcriptional start site of the PG0352 transcript.

FIG 5 Characterization of the �PG352 mutant. (A) RT-PCR analysis of the
�PG352 mutant. The transcripts of PG0352 and 16S rRNA (positive control)
genes in Pg83 and the �PG352 mutant were detected by RT-PCR. (B) Western
blotting analysis of the �PG352 mutant. The same amount of Pg83 and
�PG352 whole lysates were analyzed by SDS-PAGE and then probed with a
specific antiserum against PG0352. (C) Filter paper spot assay using the whole-
cell lysates of Pg83 and the �PG352 mutant.
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ferent concentrations of Neu5Ac (3, 8, 16, and 30 �g/ml). As
shown in Fig. 7, for the wild type, the addition of exogenous sialic
acid slightly reduced biofilm formation, but the effect was not
significant. Compared to Pg83, �PG352 significantly decreased
(�2.5-fold reduction) the biofilm formation. Interestingly, the
supplement of exogenous Neu5Ac restored the biofilm formation,
and this restoration was in a dose-dependent manner (Fig. 7). For
example, the addition of 3 �g of Neu5Ac/ml only partially re-
stored the biofilm formation of the �PG352 mutant; however,
biofilm formation in the mutant was fully restored at the concen-
tration of 30 �g of Neu5A/ml. Taken together, these results sug-
gest that SiaPg is involved in the biofilm formation of P. gingivalis.

The �PG352 mutant fails to produce an intact capsule. To
further explore the role of SiaPg, cryo-ET was used to dissect the
cellular structures of P. gingivalis. As shown in Fig. 8, the P. gingi-
valis cell is rod-shaped, and it consists of an inner membrane (IM),
a peptidoglycan layer (PG), and an outer membrane (OM). The

outermost part of the cell is a thick layer of capsule-like materials
(Fig. 8A and C). This layer could not be detected in Pg381, a
noncapsular strain (see Fig. S4 in the supplemental material), in-
dicating that it is capsule (CPS). The CPS layer in Pg83 has a
defined shape and is evenly distributed on the cell surface. Its
average width is 37 � 2.76 nm (n � 10 cells). Compared to Pg83,
the CPS layer observed in the �PG352 mutant was uneven and
substantially thinner (average thickness � 13.72 � 1.36 nm, n �
10 cells), and it lost the defined shape due to the reduced thickness
and density (Fig. 8B and D).

To rule out the possibility that the observed CPS-like structure
in �PG352 is another type of surface structure that is composed of
proteins (e.g., fimbriae), the mutant was treated with proteinase K
prior to the cryo-ET analysis. After the treatment, this layer still
could be observed in the mutant (Fig. 8E), indicating that the
observed structure is indeed a thin layer of capsule. In addition,
when the �PG352 mutant was cultured in the medium supple-
mented with exogenous Neu5Ac (30 �g/ml), the mutant had a
layer of CPS that was similar to the wild-type CPS (Fig. 8F and G),
suggesting that the defective CPS in the mutant is simply due to
the lack of sialic acid. India ink staining further confirmed that the
remaining CPS layer in the �PG352 mutant was defective. As
expected, the encapsulated P83 strain displayed colorless halos
around individual cells, indicative the layer of CPS (Fig. 9, left
panel). In contrast, the �PG352 mutant and Pg381 were stained
by the dye (Fig. 9, middle and right panels), indicating that the
mutant is not resistant to the dye due to lack of intact capsule.
Collectively, these results demonstrate that SiaPg is required for
the synthesis and/or assembly of capsule of P. gingivalis.

The �PG352 mutant is less resistant to complement killing.
P. gingivalis is resistant to killing by host complement, and it is
believed that capsule plays a central role in the resistance (57, 63).
Since �PG352 has a defective capsule, we hypothesize that the
mutant might become sensitive to the complement killing. To test
this hypothesis, Pg83 and �PG352 were coincubated with 25%
fresh human serum for 1 and 3 h. As expected, Pg83 was resistant
to the killing, since its survival rate at the 1-h incubation point was
almost 100%. In contrast, after a 1-h exposure to the serum, the
survival rate of �PG352 was decreased to 22.4% (Fig. 10), indicat-
ing that the mutant is more vulnerable to the killing. Interestingly,
after the 3-h exposure, the survival rate (26.2%) of the mutant was

FIG 6 Growth curves of Pg83 and the �PG352 mutant. (A) P. gingivalis strains were cultured in normal TSB medium or in this medium supplemented with
Neu5Ac (S30 represents 30 �g/ml). (B) P. gingivalis strains were cultured in dextrose-free TSB medium (dTSB) or in dTSB medium supplemented with Neu5Ac
(30 �g/ml).

FIG 7 Biofilm formation of Pg83 and the �PG352 mutant. The assay was
carried out in 96-well microtiter plates as previously described (24, 46). The
upper panel shows representative wells of Pg83 and the �PG352 mutant, and
the lower panel gives the average absorbances of Pg83 and the mutant. The
error bars represent the standard deviation. The numbers represent the con-
centration of Neu5Ac in the medium. The data were statistically analyzed by
one-way ANOVA, followed by Tukey’s multiple comparison at P � 0.01.

Li et al.

8 iai.asm.org Infection and Immunity

http://iai.asm.org


almost identical to that of the 1-h incubation (Fig. 10), suggesting
that there might be another factor(s) also contributing to the se-
rum resistance of P. gingivalis. Taken together, these results indi-
cate that the presence of SiaPg is able to enhance the serum resis-
tance of P. gingivalis.

The �PG352 mutant has decreased virulence in vivo. A pre-
viously described mouse abscess model (18, 34) was used to fur-
ther evaluate the role of SiaPg in the virulence of P. gingivalis. In the
present study, Pg83, �PG352, Pg381, and a sham control (PBS)
were included. Each mouse was subcutaneously injected with
�1010 cells of P. gingivalis or an equal volume of PBS at the dorsal

sites. As shown in Table 2, for the Pg83 strain, no localized ab-
scesses were observed at the injection sites. Instead, all three mice
developed secondary lesions (average size of secondary lesions was
18.7 mm2, ranging from 10 to 24 mm2) on their ventral sides. All
three mice died within 6 days after the injections. In contrast to
Pg83, Pg381 only induced localized abscesses at the injection sites
(the average size of abscesses was 147 mm2, ranging from 60 to 260
mm2), but no secondary lesions were observed. All animals sur-
vived. Compared to these two strain, for the �PG352 mutant, two
mice developed localized abscess at the injection sites (44.2 and
28.3 mm2), one mouse had a tiny secondary lesion (4 mm2), and

FIG 8 Cellular architectures of Pg83 and the �PG352 mutant revealed by cryo-EM and cryo-ET. One central slice of a tomographic reconstruction from Pg83
and �PG352 is shown in panels A and B, respectively. (C and D) Corresponding surface views of the reconstructions from Pg83 (A) and �PG352 (B), respectively.
The prominent structural features include the outer membrane (OM), inner membrane (IM), peptidoglycan layer (PG), and capsular polysaccharide (CPS).
Noticeably, the density corresponding to CPS is significantly weaker in �PG352. (E) Proteinase K treatment (200 �g/ml for 40 min at 37°C) does not remove the
thin CPS layer of the �PG352 mutant CPS. (F) Supplementation with Neu5Ac (30 �g/ml) restored the CPS formation in the �PG352 mutant. The thickness of
the CPS layer in the mutant is �30 nm, which is similar to that of Pg83 (G). The black dots are golden particles (diameter, 15 nm) which were used to calibrate
the measurements of CPS thickness. The numbers represent the thickness of CPS.

FIG 9 India ink staining for the detection of capsule. The samples were stained with fuchsine and India ink as described in Materials and Methods. Images were
taken under a Zeiss Imager A2 microscope (magnification, �1,000).
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all three mice survived. These results showed that the virulence of
�PG352 was substantially reduced.

Histological studies confirmed that Pg83 was able to cause a
spreading type of infection, which had been previously reported
(30, 34). Inflammation could be observed in multiple organs, in-
cluding the lungs, liver, spleen, and kidneys. The inflammation
was more prominent in the lung and liver tissues of infected ani-
mals (e.g., severe intrasinusoidal inflammatory infiltrates were
observed in the lung and liver tissues [Fig. 11]). In contrast, the
�PG352 mutant failed to cause the spreading type of infection,
and no obvious infiltrates were observed in the lung and liver
tissues (Fig. 11). Taken together, these results indicate that the
virulence of the �PG352 mutant is substantially reduced com-
pared to that of the wild type, highlighting that SiaPg is essential for
the pathogenicity of P. gingivalis.

DISCUSSION
Is SiaPg the sole neuraminidase of P. gingivalis? The evidence
presented in this report (Fig. 1, 2, and 3) clearly demonstrates that
SiaPg is a neuraminidase that is similar to its counterparts from
other bacteria; inactivation of PG0352 completely abolished the
neuraminidase activity (Fig. 5), suggesting that SiaPg may be the
sole neuraminidase of P. gingivalis. However, Aruni et al. recently
reported that in addition to PG0352, P. gingivalis has another two
sialidases (PG0778 and PG1724), and the inactivation of PG0352
reduces total sialidase activity by only 5% (3). This discrepancy is
most likely due to different detection methods. In the previous

report, an Amplex Red neuraminidase assay kit was used to mea-
sure general sialidase and sialoglycoprotease activity; here, we
used the filter paper spot assay—a specific method for testing
neuraminidase activity (43, 44). PG0778 is annotated as a hypo-
thetical protein and PG1724 as a putative DNA-binding/iron met-
alloprotein/AP endonuclease or O-sialoglycoprotein endopepti-
dase (45). BLAST analysis reveals that these two proteins do not
belong to the neuraminidase Pfam (12). In addition, both PG0778
and PG1724 lack the F/YRIP motif. Crystal structural and site-
directed mutagenesis analyses have shown that this motif is essen-
tial for the enzymatic activity of neuraminidases (10, 13). In this
regard, it seems unlikely that PG0778 and PG1724 function as a
neuraminidase. Instead, they may function as other enzymes, e.g.,
acting as a sialoglycoprotease, and their enzymatic activities can be
defined by biochemical, genetic, and structural studies.

Does P. gingivalis utilize Neu5Ac as a nutrient? Several bac-
teria use Neu5Ac as an alternative nutrient (53, 74). In this case,
the mutants, which fail to synthesize or use Neu5Ac, have growth
defects when the sialic acid serves as a sole carbon source. Several
lines of evidence suggest that P. gingivalis probably does not use
Neu5Ac as a nutrient. First, P. gingivalis, as an asaccharolytic bac-
terium, primarily utilizes short peptides instead of carbohydrates
for energy production (4). Second, in the catabolic pathway of
sialic acid, NanA first cleaves Neu5Ac to ManNAc and pyruvate.
ManNAc is ultimately converted to fructose-6-phosphate and
ammonia via a series of reactions catalyzed by NanK, NanE, NagB,
and NagA (16, 53, 74). However, the genes encoding these en-
zymes have not yet been annotated in the genome of P. gingivalis
(45), suggesting that the catabolic pathway of Neu5Ac most likely
does not exist in P. gingivalis. Third, supplementing sialic acid did
not stimulate the growth of P. gingivalis (Fig. 6A). Finally, the
inactivation of PG0352 did not influence the growth of P. gingiva-
lis (Fig. 6B).

How does SiaPg influence the biofilm formation of P. gingi-
valis? The impact of neuraminidases on biofilm formation has

FIG 10 Survival rates of Pg83 and the �PG352 mutant. Two strains were
coincubated with 25% fresh serum or heat-inactivated serum for 1 and 3 h.
The survival rates were calculated as follows: the total numbers of colonies
present in the samples treated with 25% serum divided by the total numbers of
colonies in the samples treated with heat-inactivated serum. The results are
expressed as the average survival rates of triplicates. The data were statistically
analyzed by Student t test at P � 0.01.

TABLE 2 Virulenceof Pg83 and �PG352 mutant in micea

Treatment Death

Virulence (size in mm2)

Localized abscess Secondary lesion

Pg83 3/3 0/3 3/3 (10.0, 22.5, 24.5)
�PG352 0/3 2/3 (44.16, 28.26) 1/3 (4.0)
Pg381 0/3 3/3 (263.5, 120, 60) 0/3
PBS 0/3 0/3 0/3
a Death in indicated as the number of animals thatdied/number of animals tested.
Virulence is indicated as the number of animalswith abscesses or lesions/the number of
animals tested. Where applicable, the individualabscess or lesion size(s) is indicated in
parentheses.

FIG 11 Hematoxylin and eosin staining of lung and liver tissues from mice
infected with Pg83 and the �PG352 mutant. (A and C) Lung and liver tissues
from a mouse infected with Pg83. (B and D) Lung and liver tissues from a
mouse infected with the �PG352 mutant. In Pg83-infected mouse, the lung
and liver both show significant inflammation (arrows indicate granulocytes),
while in the mutant-infected mouse, there is minimal to no inflammation.
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been described in several pathogenic bacteria (47, 51, 59, 64), even
though the mechanism involved remains obscure. In S. pneu-
moniae, the expression of nanA (encoding a neuraminidase) is
upregulated when it grows under biofilm conditions and NanA
inhibitors block its biofilm formation. In P. aeruginosa, the nanA
deletion mutant has diminished biofilm production, and the mu-
tant is unable to establish respiratory infection. Here, we also
found that the biofilm formation was substantially reduced in the
�PG352 mutant (Fig. 7). Interestingly, the �PG352 mutant re-
stored the biofilm formation in the addition of exogenous sialic
acid (Fig. 7), e.g., at the concentration of 30 �g of Neu5Ac/ml, the
mutant almost produced the same amount of biofilms as Pg83. At
the same condition, the �PG352 mutant also restored capsule
synthesis (Fig. 8F). Thus, it is possible that the regaining biofilm
production could be due to the restoration of capsule in the mu-
tant. However, a recent report from Davey et al. does not support
this assumption, since they found that the loss of capsule enhances
the biofilm formation of P. gingivalis (15). Since sialic acids are
often used to modify bacterial cell surface molecules (e.g., LPS and
capsule), it is also possible that the presence of sialic acids may
change the cell surface hydrophobicity and consequently influ-
ence the biofilm formation of P. gingivalis. Fimbria is required for
the biofilm formation of P. gingivalis, and its expression level can
be influenced by different environmental cues (80, 81). In E. coli,
sialic acids often act as a signaling molecule to modulate the pro-
duction of fimbriae (for recent review, see reference 74). Thus, a
similar scenario can also exist in P. gingivalis, i.e., exogenous sialic
acids may function as an environmental cue to regulate the fim-
brial gene expression, which further influences the biofilm pro-
duction of P. gingivalis. At this point, we are unable to rule out
which one of these possibilities is accountable for the observed
phenotype; however, the evidence described here highlights the
role of neuraminidases in the biofilm formation of P. gingivalis,
and it provides us a solid foundation to further unveil the poten-
tial mechanism involved.

How does SiaPg influence the capsule synthesis of P. gingiva-
lis? The majority of P. gingivalis isolates are encapsulated. Based
on the serotypes of K antigens, P. gingivalis isolates can be divided
into at least six groups (K1 to K6) (7, 34), highlighting the com-
plexity of carbohydrates presented in P. gingivalis capsular poly-
saccharides. Little is known about the structure and composition
of carbohydrates in the capsule of P. gingivalis. It is possible that P.
gingivalis (at least Pg83 strain) utilizes sialic acid either to directly
synthesize the PSA-type capsule or to modify sugar molecules on
other types of capsules. P. gingivalis lacks the de novo synthesis
pathway of sialic acid. For example, NeuB (Neu5Ac synthase) (53,
74), a key enzyme that converts UDP-GlcNAc to Neu5Ac, is ab-
sent in the genome of Pg83 (45). As such, the scavenge pathway
mediated by Siapg might be the only route for P. gingivalis to ac-
quire sialic acid. If this is the case, we expect that the deletion of
SiaPg would completely block the scavenge route and the mutant
would fail to produce the capsule due to the lack of sialic acid. This
proposition is consistent with the phenotype of the �PG352 mu-
tant (Fig. 8 and 9).

The E. coli K1 and K92 capsules use polysialic acid (PSA) as the
nucleotide sugars (17, 78, 79). In the biosynthesis pathway of PSA
capsule, NeuA (CMP-Neu5Ac synthetase) and NeuS are two sig-
nature enzymes. NeuA converts Neu5Ac to its active form CMP-
Neu5Ac (31, 42), which is then added to appropriate acceptors by
NeuS, a linkage-specific sialyl-transferase (60, 61). PSA is ex-

ported through the Kps system (78). However, the homologs of
NeuA and NeuS are not annotated in the genome of Pg83 (45),
suggesting that P. gingivalis may have a unique system to utilize
sialic acids to either directly synthesize PSA-type capsule or mod-
ify its capsule via sialylation. Two recent studies reveal that capsule
biosynthesis in P. gingivalis is quite unique (2, 15). The findings in
the present study could provide a new angle for studying the cap-
sule biosynthesis of P. gingivalis. In addition, sialic acids can serve
as signaling molecules (74). Thus, it is also possible that the lack of
sialic acids in �PG352 may have an impact on other factors that
are required for the capsule biosynthesis and/or assembly.

Why is �PG352 more sensitive to the serum killing? P. gingi-
valis is resistant to complement killing (63). Compared to the wild
type, the �PG352 mutant became more vulnerable to serum kill-
ing (Fig. 9). Previous studies have suggested that the possible
mechanisms for serum killing resistance of P. gingivalis include
protease production and capsule formation (22, 57, 62). P. gingi-
valis is able to degrade the complement factors C3 and C5, and the
degradation is dependent on the activity of gingipains. A recent
report describes that the P. gingivalis sialidase/sialoglycoprotease
activity may be involved in regulating gingipain activity (3). Thus,
the loss of serum resistance in the �PG352 mutant could be due to
the impact on the activity of gingipains. However, Slaney et al.
report that gingipains are not required for the serum resistance,
since the gingipain-deficient mutants are still as resistant as the
wild type to serum killing. Instead, they found that the capsule
plays an essential role in complement resistance. Since the
�PG352 mutant has defected capsule (Fig. 8), it seems more likely
that the vulnerability to serum killing in the mutant is ascribed to
the defected capsule. In addition, previous studies from Neisseria
show that sialyated surface molecules bind to factor H and en-
hance the complement resistance (76). Thus, it is also possible that
the loss of SiaPg may influence the sialylation of other surface
molecules and consequently interfere with the serum resistance.
In future studies, we will attempt to pinpoint which mechanism(s)
is responsible for the observed phenotype.

Role of SiaPg in the pathogenicity of P. gingivalis. As a mem-
ber of the “red-complex” bacteria, P. gingivalis primarily inhabits
the gingival crevices (27, 37). The major component of crevicular
fluid is plasma (41). The total sialic acid in the plasma is quite
abundant (�2 mM). Under normal physiological conditions, al-
most all sialic acid (99.9%) is bound to a diverse range of proteins
or lipids (55, 74). In addition to the plasma, salivary mucins and
fibronectins are also rich in sialic acids (19). In this unique niche,
a microorganism armed with a neuraminidase will be able to ac-
quire sialic acid from the host via the scavenge pathway and stra-
tegically position itself to compete with other organisms or to
overcome host immune attacks by camouflaging their surface
molecules (e.g., LPS and capsules) with sialic acids. The studies
described here reveal an important role that SiaPg plays in the
pathogenicity of P. gingivalis, e.g., influencing the capsule biosyn-
thesis.

The capsule is highly associated with the virulence of P. gingi-
valis (34). Animal studies have demonstrated that the noncapsular
(K�) P. gingivalis strains are much less virulent than the encapsu-
lated isolates. Gonzales et al. reported that immunization with
purified K1 capsule prevents mice from P. gingivalis-elicited oral
bone loss (21). Slaney et al. recently revealed that the capsule plays
a key role in the resistance to serum killing (57). The studies re-
ported here show that the �PG352 mutant has a defective capsule.
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Compared to the wild-type strain, the mutant is sensitive to com-
plement killing and much less virulent in the mouse model (Fig.
10 and 11 and Table 2). The observed phenotype is similar to that
of the noncapsular P. gingivalis isolates or mutants, suggesting that
SiaPg most likely contributes to the pathogenicity of P. gingivalis by
influencing capsule formation. Besides being used in capsule for-
mation, sialic acids can also be utilized to modify LPS and other
virulence factors, which have been observed in Haemophilus in-
fluenzae, N. meningitidis, and several other pathogenic bacteria (5,
53, 74, 75). Thus, the observed in vivo phenotype could also be
ascribed to the change of other virulence factors in the �PG352
mutant. The existence of this possibility cannot be ruled out until
a genome-wide glycomic analysis is conducted. Nevertheless, the
studies described here provide us a solid starting point to further
explore the role of sialylation in the biology and pathogenicity of
P. gingivalis.
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