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ABSTRACT The Porphyromonas gingivalis strain ATCC 33277 (33277) and 381 ge-
nomes are nearly identical. However, strain 33277 displays a significantly diminished
capacity to stimulate host cell Toll-like receptor 2 (TLR2)-dependent signaling and
interleukin-1� (IL-1�) production relative to 381, suggesting that there are strain-
specific differences in one or more bacterial immune-modulatory factors. Genomic
sequencing identified a single nucleotide polymorphism in the 33277 fimB allele
(A¡T), creating a premature stop codon in the 33277 fimB open reading frame rela-
tive to the 381 fimB allele. Gene exchange experiments established that the 33277
fimB allele reduces the immune-stimulatory capacity of this strain. Transcriptome
comparisons revealed that multiple genes related to carboxy-terminal domain (CTD)
family proteins, including the gingipains, were upregulated in 33277 relative to 381.
A gingipain substrate degradation assay demonstrated that cell surface gingipain ac-
tivity is higher in 33277, and an isogenic mutant strain deficient for the gingipains
exhibited an increased ability to induce TLR2 signaling and IL-1� production. Fur-
thermore, 33277 and 381 mutant strains lacking CTD cell surface proteins were more
immune-stimulatory than the parental wild-type strains, consistent with an immune-
suppressive role for the gingipains. Our data show that the combination of an intact
fimB allele and limited cell surface gingipain activity in P. gingivalis 381 renders this
strain more immune-stimulatory. Conversely, a defective fimB allele and high-level
cell surface gingipain activity reduce the capacity of P. gingivalis 33277 to stimulate
host cell innate immune responses. In summary, genomic and transcriptomic com-
parisons identified key virulence characteristics that confer divergent host cell innate
immune responses to these highly related P. gingivalis strains.
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virulence factors

Porphyromonas gingivalis is considered to be a keystone pathogen that is involved
in the development of chronic periodontal disease (1–4), and interest in this

microorganism includes its potential roles in other important chronic inflammatory
disorders, including cardiovascular disease, rheumatoid arthritis and Alzheimer’s dis-
ease (5–7). P. gingivalis can modulate and dampen the ability of the host innate immune
receptors known as Toll-like receptors (TLRs) to orchestrate proinflammatory responses
aimed at controlling Gram-negative bacterial infections (6, 8, 9). We and our collabo-
rators have previously shown that P. gingivalis employs lipid A phosphatases and a lipid
A deacylase to evade host TLR4 recognition of its lipopolysaccharide (LPS), thus
contributing to its ability to survive in macrophages, disseminate systemically, and
exacerbate atherosclerosis in a murine model (10–12). P. gingivalis also elicits many of
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its pathogenic effects through the action of cell surface lipoprotein-dependent and
fimbria-dependent interactions with host cell TLR2 signaling pathways (13–16). In
addition, P. gingivalis gingipains promote TLR2-C5aR cross talk to selectively reconfig-
ure neutrophil TLR2 responses to bacterial ligands. This gingipain-dependent mecha-
nism is an important paradigm underlying the bacterium’s ability to persist in the
periodontium, promoting both dysbiosis and chronic inflammation (8, 17).

Modulation of inflammasome activation is recognized as a key aspect of the innate
immune response targeted by bacterial pathogens to disrupt host resolution of bac-
terial infection (18, 19). Inflammasomes are intracellular multiprotein complexes that
sense a variety of microbial immunostimulatory molecules, including LPS, lipoproteins,
and flagellin, to produce interleukin-1� (IL-1�) and IL-18 as major inflammatory medi-
ators (20). Secreted IL-1� exerts multiple actions to combat bacterial infections, includ-
ing stimulation of neutrophil recruitment and cytokine and chemokine production (21),
and increases in IL-1� levels are associated with both periodontal disease and cardio-
vascular disease (22, 23). Inflammasome-dependent IL-1� production triggered by
Gram-negative bacteria such as P. gingivalis requires a priming step involving the
activation of TLR2 to elicit pro-IL-1� synthesis (20, 22). Subsequently, intracellular
sensing of microbial factors via Nod-like receptor 3 results in the production and
secretion of mature IL-1� (20, 22).

P. gingivalis’ capacities to invade host cells and to manipulate host inflammatory
mediators are generally considered to be related to its potential to promote chronic
inflammatory disease (2, 6, 9, 24). All strains of P. gingivalis express multiple immuno-
modulatory virulence factors, including fimbriae, LPS, gingipain proteases, and RagA-
RagB antigens (9, 17, 25). However, it is presently unclear if one or more of these factors
displays a dominant role in determining the ability of a particular strain to promote
disease. Genomic alterations referred to as “pathogenicity islands” that occur between
significantly divergent strains have been proposed to determine strain-specific disease
association (26–28). For example, strain W83 expresses capsular polysaccharides, fim-
brial variants, and RagA-RagB variants that are absent or divergent from those found in
strain 33277 (25, 27, 29, 30). Notably, W83 is an isolate from clinical periodontal disease
and exacerbates vascular inflammation in animal models, whereas strain 33277 does
not exacerbate vascular inflammation in animal models (31, 32). The 33277 and W83
strains diverge significantly, expressing distinct types of multiple virulence factors,
including fimbriae, gingipains, and capsular polysaccharides (25, 33). This type of
genetic sequence divergence complicates applying a direct comparison of these two
strains to rapidly elucidate genetic factors associated with the distinct capacities of
these strains to promote host inflammatory responses.

However, the genetically similar strains 33277 and 381 (26, 28, 34) exhibit pro-
nounced differences in their capacities to interact with vascular endothelial cells and to
promote systemic inflammation in animal models (32, 33, 35). In addition, we have
observed that when 33277 and 381 are grown to stationary phase in a defined culture
medium, they display distinct abilities to elicit IL-1� production and to engage TLR2.
Consequently, we directly compared the 33277 and 381 genomic sequences and their
transcriptomes to identify defined strain-specific, disease-associated elements. The
aim of the present study was to identify the genetic factor or factors that confer the
differential capacities of these strains to promote host cell innate immune responses
and to provide novel insights into characteristics that control strain virulence for P.
gingivalis.

RESULTS
P. gingivalis strains 33277 and 381 exhibit distinct capacities to stimulate TLR2

signaling and IL-1� production. The TLR2/TLR1/CD14 (TLR2) signaling pathway rep-
resents a major target for P. gingivalis to promote immune-modulatory effects on host
cells both in vitro and in vivo via cell-surface-associated, triacylated lipoproteins (13, 15,
36, 37). We investigated the distinct immune-stimulatory characteristics of strains 33277
and 381 to induce TLR2-dependent signaling since we previously observed that strain
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381 elicited a more potent NF-�B response from HEK293 cells expressing TLR2 com-
pared to strain 33277 (15). To determine if the differential activity was due to factors
associated with the outer cell surface, we first washed the bacteria with growth
medium to remove secreted factors and vesicle components. As shown in Fig. 1A, HEK
cell TLR2-dependent signaling was more pronounced by strain 381 compared to strain
33277 at two different titers of bacteria. In contrast, both of the strains elicited reduced
magnitudes of TLR4-dependent NF-�B activity relative to TLR2-dependent NF-�B ac-
tivity and did not display different potencies as TLR4 agonists (Fig. 1B). These data are
consistent with our experimental evidence demonstrating that P. gingivalis evades TLR4
signaling via lipid A remodeling (10, 12). Collectively, these data support the differential,
strain-specific immune-stimulatory activities of P. gingivalis strains 381 and 33277 via
TLR2 signaling.

TLR2-mediated activation in human THP-1 macrophages is a key step for P. gingivalis-
mediated inflammasome priming, and subsequent IL-1� production (22) and increased
levels of IL-1� correlate with humans having periodontal disease and bearing P.
gingivalis infections (22). We compared the abilities of the two strains to induce
cytokine responses from differentiated THP-1 cells. Strain 381 exhibited a significantly
more potent capacity to induce IL-1� production from THP-1 cells compared to strain
33277 (Fig. 2A). We observed a similar pattern of strain-specific immune stimulation
with respect to IL-6 production in the THP-1 cells (Fig. 2B). The data presented in Fig.
2 demonstrate that P. gingivalis strains 33277 and 381 elicit distinct IL-1� and IL-6
responses in THP-1 cells, which correlate with the differential abilities of these to strains
to activate TLR2 (Fig. 1).

Comparison of the strain 381 and 33277 genomes identifies a polymorphism in
the fimB allele. Based upon the similarity of the 33277 and 381 genomes (28, 34), we
hypothesized that a limited number of gene polymorphisms or chromosomal rear-
rangements accounted for reducing the capacity of 33277 to stimulate host cell innate
immune responses. We compared the genomes of our experimentally defined labora-
tory strains 381 and 33277 as an approach to elucidate the basis for their distinct
immune-stimulatory capacities. We conducted a resequencing experiment and mapped
duplicate read sets for each strain to the two published genomes. Single nucleotide
polymorphisms (SNPs) that were found within the source genome that were possible
due to sequencing errors or minor mutations from lab domestication over time were
subtracted from the variable SNPS between the strains. We screened the coding
regions in both genomes for polymorphisms that might be expected to alter cell

FIG 1 Strains 33277 and 381 differentially activate HEK cell TLR2-dependent, but not HEK cell TLR4-dependent,
signaling. (A) HEK cells expressing TLR2 were stimulated with either 105 or 106 bacteria of both strains 33277 and
381. (B) HEK cells expressing TLR4 were stimulated with either 105 or 106 bacteria of both strains 33277 and 381.
Fold change in NF-�B activation from bacterial stimulations is shown relative to the unstimulated control. Data are
presented as means � standard deviation (SD) from triplicate sample determinations and are representative of
three independent experiments. Asterisks indicate statistical significance as determined by Student’s unpaired t
test (**, P � 0.001; ***, P � 0.0001). ns, not statistically significant.
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surface structures or other key cellular factors (Table 1). The coding regions for six
different genes were identified with high confidence as having authentic coding
sequence polymorphisms between strains 33277 and 381. Notably, the 33277 fimB
allele contains a previously identified polymorphism in its coding region that produces
a premature stop codon in the fimB open reading frame (ORF) and potentially leading
to the absence or truncation of the FimB component of the major fimbria in the cell
surface of 33277 (38). Due to the stop codon present in the 33277 fimB coding region,
the full-length fimB gene has been annotated as two separate coding sequences,
PGN_0181 and PGN_0182. PGN_0181 encodes the N-terminal region of FimB, and
PGN_0182 encodes the remaining C-terminal region of FimB. The fimB gene is part of
the fimB to fimE gene cluster, and it is regulated independently from fimA, which
encodes the major fimbrial structural subunit (39, 40). In contrast to fimA, fimB encodes
a lipoprotein anchor component of the major fimbriae that restricts the length of
fimbriae in P. gingivalis 381 and 33277 (38, 40). However, to the best of our knowledge
the immune-modulatory capacity of FimB has not been reported. Given the prior
evidence for the role of P, gingivalis fimbriae and lipoproteins in activating TLR2 (15, 41),
and the high probability that 381 fimB allele encodes a cell surface lipoprotein (38, 40),
we selected the fimB allele for further study as a potential novel determinant for the
distinct immune-stimulatory capacities of strains 33277 and 381.

The 33277 fimB allele contributes to its reduced immune-stimulatory capacity.
We examined the significance of the 33277 fimB polymorphism in modulating immune-
modulatory activity by generating isogenic mutant strains in P. gingivalis 33277 and 381
containing alterations in their respective fimB loci. Notably, the entire 381 fimB to fimE
gene cluster was toxic when cloned in Escherichia coli. Consequently, we were unable
to construct a targeting vector bearing the intact 381 fimB to -E gene cluster for
insertion into 33277. Instead, we created the mutant strain, 33.38.fimB-C KI (knock-in),

FIG 2 Strains 33277 and 381 exhibit distinct capacities to elicit innate immune responses in differentiated THP-1
cells. THP-1 cells were stimulated with strains 33277 and 381 (105 bacteria). (A) Fold change in IL-1� secretion
following bacterial stimulations is shown relative to the unstimulated control. (B) Fold change in IL-6 secretion
following bacterial stimulations is shown relative to the unstimulated control. Data are presented as means � SD
from triplicate sample determinations and are representative of three independent experiments. Asterisks indicate
statistical significance as determined by Student’s unpaired t test (***, P � 0.0001).

TABLE 1 Coding region polymorphisms identified in the comparison of 33277 and 381 genomesa

Coding sequence Nucleotide polymorphism yielding the 381 change to 33277 Outcome of polymorphism in 33277 protein

PGN_0076 (YWFC protein) GCA¡GTA A¡V
PGN_0181 (FimB) AAA¡TAA Premature stop
PGN_0293 (RagA) GAG¡GTG; AGC¡AAC; GCC¡ACC E¡V; S¡N; A¡T
PGN_1085 (iron transport) GTC¡GGC V¡G
PGN_1328 (periplasmic binding) C(8)¡C(7) Frameshift
PGN_1892 (phosphate transport) AGT¡TGT S¡C
aGene numbers correspond to 33277 annotations.
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which replaced the 33277 fimB to -C region with the native 381 fimB-C region at the
expense of losing the fimD and fimE genes. For strain 381, we created the isogenic
mutant strain, 38.fimB KO (knockout), which bears a deletion in the fimB gene while
retaining fimC to -E. We also created strain 38.33.fimB-E KI, which contains a replace-
ment of the native 381 fimB to -E gene cluster with the 33277 fimB to -E gene cluster,
effectively replacing the 381 fimB gene with the 33277 fimB gene. In contrast to the
381 fimB to -E operon, the 33277 fimB to -E operon was not toxic in E. coli during
recombinant plasmid propagation, suggesting that there is a functional distinction
between these gene clusters in E. coli.

We first compared the abilities of the isogenic fimB mutant strains and respective
parent strains to stimulate TLR2 activation in HEK293 cells (Fig. 3A). The 33277 isogenic
mutant strain, 33.38.fimB-C KI, increased TLR2-dependent NF-�B activation significantly
compared to the parental 33277 strain, although it did not stimulate TLR2 as potently
as the 381 strain. Conversely, both 381 isogenic mutant strains, 38.fimB KO and
38.33.fimB-E KI, displayed significant reductions in their abilities to stimulate TLR2
compared to the parental 381 strain, although they were not reduced to the level
displayed by the 33277 strain. These results indicate that the 381 fimB allele contributes
to the ability of P. gingivalis to productively engage TLR2 and partially determines the
distinct immune-stimulatory capacities of strains 33277 and 381. Furthermore, the
immune-stimulatory capacity of FimB is likely independent from the main FimA struc-
tural unit since a 381 isogenic mutant strain bearing a deletion in the fimA allele did not
exhibit a reduced capacity to stimulate TLR2 relative to the parental 381 strain (15).

We next tested the abilities of the wild-type and mutant strains to elicit IL-1�

production in THP-1 cells (Fig. 3B). The strains displayed capacities to stimulate IL-1�

secretion that were strikingly similar to the patterns observed for the TLR2 activation
described above. Collectively, the TLR2 activation and IL-1� production results dem-
onstrate that the intact 381 fimB allele performs a key role in conferring immune-
stimulatory activity for this strain. These data also demonstrate that the truncated fimB
gene, resulting from the 33277 fimB polymorphism in P. gingivalis 33277, contributes to
the reduced immune-stimulatory activity of 33277. However, these data also indicate
that the fimB gene is not the sole determinant of the strain-specific immune-
modulatory characteristics, suggesting that additional genetic differences contribute to
the distinct immune-stimulatory phenotypes of these strains.

FIG 3 The distinct capacities of P. gingivalis strains 33277 and 381 to elicit immune-stimulatory responses are
dependent on the fimB allele. (A) HEK cells expressing TLR2 were stimulated with the wild-type strains 33277 and
381 and the indicated isogenic fimB mutant strains (105 bacteria). Fold change in NF-�B activation from bacterial
stimulations is shown relative to the unstimulated control. (B) Differentiated THP-1 cells were stimulated with
wild-type strains 33277 and 381 and the indicated isogenic fimB mutant strains (105 bacteria). Fold change in IL-1�
production from bacterial stimulations is shown relative to the unstimulated control. Data are presented as
means � SD from triplicate sample determinations and are representative of three independent experiments.
Asterisks indicate statistical significance as determined by Student’s unpaired t test (*, P � 0.01; **, P � 0.001; ***,
P � 0.0001).
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Comparison of 33277 and 381 transcriptomes reveals multiple differences in
gene expression patterns. The genomic analyses of gene coding region polymor-
phisms identified a remarkably limited set of potential immune-modulatory molecules
(Table 1), but it did not provide information on differences in gene expression levels
between the strains. We decided to compare P. gingivalis strain transcriptomes to
search for additional factors that could be differentially expressed between the strains
and which could likely contribute to the distinct immune-modulatory phenotypes of
these strains. We performed transcriptome sequencing (RNA-seq) analyses to compare
the transcriptomes of 33277 and 381 strains grown to stationary phase (Table 2). (For
complete strain transcriptome comparisons, see Table S1 in the supplemental material.)
In this analysis, we focused our attention on genes that were expressed with a greater
than 2-fold difference between the strains and which either represent outer cell
membrane components or play a role in the expression of cell surface antigens. Using
this approach, we identified a putative operon comprising three genes, PGN_1320,
PGN_1318, and PGN_1317, which were much more highly expressed in 381 than the
corresponding genes in 33277. Further examination of the genomic regions encom-
passing this predicted operon in both the 33277 and 381 strains revealed the presence
of an insertion sequence (PGN_1319) in the 33277 genome that was absent in the
corresponding position in the 381 genome (see Fig. S1 in the supplemental material).
Based upon the pronounced increase in expression of this operon in strain 381 relative
to strain 33277, and the presence of a putative outer membrane adhesin protein
(PGN_1317), we selected this region for further functional analysis.

TABLE 2 Select differentially expressed genes identified by comparison of the 33277 and
381 transcriptomesa

Gene upregulated Fold increase in RNA expression

Upregulated in 381 relative to 33277
PGN_1320 (permease) 26.38
PGN_1318 (ABC transporter) 15.83
PGN_1317 (gliding motility) 11.20
PGN_0288 (mfa2) 4.18
PGN_0287 (mfa1) 3.70
PGN_0289 (mfa3) 3.57
PGN_0180 (fimA) 3.37
PGN_0291 (mfa5) 2.92
PGN_0290 (mfa4) 2.92
PGN_0181 (fimB N terminus) 1.97
PGN_0183 (fimC) 1.27
PGN_0184 (fimD) 1.19
PGN_0182 (fimB C terminus) 1.09

Upregulated in 33277 relative to 381
PGN_1430 (HAE1 family) 4.83
PGN_1429 (conserved) 4.29
PGN_1841 (rpoA) 4.08
PGN_1843 (rpsK) 3.97
PGN_1842 (rpsD) 3.90
PGN_1904 (hagB) 3.11
PGN_1896 (wbaP) 3.11
PGN_1906 (hagC) 2.99
PGN_1877 (porW) 2.55
PGN_1054 (vimF) 2.37
PGN_1970 (rgpA) 2.27
PGN_0659 (HBP35) 2.24
PGN_1469 (dppIV) 2.16
PGN_0900 (prtT) 2.14
PGN_1466 (rgpB) 2.11
PGN_1728 (kgp) 2.01
PGN_0023 (porV) 2.00
PGN_0898 (PPAD) 1.77
PGN_0185 (fimE) 1.22

aGene numbers correspond to 33277 annotations.
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The PGN_1320-PGN_1317 operon does not contribute to the distinct immune-
stimulatory characteristics of strains 33277 and 381. We constructed a series of
isogenic mutant strains in the parental 381 strain that contained single deletions in the
PGN_1320, PGN_1318, and PGN_1317 coding regions, designated 38.1320 KO, 38.1318
KO, and 38.1317 KO, respectively. We used these strains to test the possibility that the
high expression level of one of these genes in strain 381 contributes to its increased
immune-stimulatory capacity relative to strain 33277 (Fig. 4). We first compared the
capacities of these mutant strains to activate TLR2 relative to the 33277 and 381 strains
(Fig. 4A). These results indicated that none of the strains bearing PGN_1320, PGN_1318,
or PGN_1317 appreciably altered the ability of the 381 strain to activate TLR2. However,
as expected the introduction of the 33277 fimB allele into these strains (38.1320
KO.33.fimB-E KI, 38.1318 KO.33.fimB-E KI, and 38.1317 KO.33.fimB-E KI), led to reduced
TLR2-dependent signaling.

We performed similar experiments in THP-1 cells to measure the capacities of the
isogenic mutant strains to modulate IL-1� production (Fig. 4B). A similar pattern of
immune-stimulatory activity was observed in the TLR2 assay. Based upon these data,
we conclude that the highly expressed PGN_1320 to PGN_1317 operon in strain 381
does not appreciably contribute to the distinct immune-modulatory capacities of
strains 381 and 33277. However, these experiments provide additional supporting
evidence for the specific influence conferred by the fimB allele in mediating strain-
specific host cell innate immune responses.

Given the apparent role of the fimB gene product in contributing to immune-
stimulatory capacity of strain 381, we considered the possibility that the minor fimbrial
components (e.g., mfa2) might also contribute to the immune-modulatory phenotype
of this strain. Supporting this possibility, all of the genes encoding the minor fimbria
subunits (mfa1 to mfa5) (42) were upregulated significantly (�3-fold) in the 381 strain
relative to the 33277 strain (Table 2). In addition, the minor fimbriae have been
reported to activate TLR2 (43). We constructed an isogenic 381 mutant strain that
contained a deletion in the entire mfa1 to -5 gene cluster (38.mfa1-5 KO). We compared
the immune-stimulatory capacity of this strain to those of the parental 381 strain and
strain 33277 using both the TLR2 activation assay and the IL-1� production assay (see

FIG 4 The immune-stimulatory capacity of strain 381 is not appreciably diminished in isogenic mutant strains
bearing deletions in PGN_1320, PGN_1318, and PGN_1317 coding sequences. (A) HEK cells expressing TLR2 were
stimulated with wild-type strains 33277 and 381 and the indicated isogenic mutant strains (105 bacteria). Fold
change in NF-�B activation from bacterial stimulations is shown relative to the unstimulated control. (B) Differen-
tiated THP-1 cells were stimulated with wild-type strains 33277 and 381 and the indicated isogenic mutant strains
(105 bacteria). Fold change in IL-1� production from bacterial stimulations is shown relative to the unstimulated
control. Data are presented as means � SD from triplicate sample determinations and are representative of three
independent experiments. Asterisks indicate statistical significance as determined by Student’s unpaired t test (*,
P � 0.01; **, P � 0.001; ***, P � 0.0001). ns, not statistically significant.
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Fig. S2 in the supplemental material). Surprisingly, the removal of the gene cluster
encoding the minor fimbrial subunits from 381 failed to reduce the strain’s immune-
stimulatory capacity in our functional assays.

The data presented in Fig. 4 and Fig. S2 suggested to us that the distinct immune-
stimulatory capacities exhibited by strains 381 and 33277 may not exclusively involve
strain-specific activators that are preferentially expressed in strain 381. Instead, we
considered the possibility that bacterial factors capable of suppressing innate immune
responses may be more highly expressed in strain 33277, contributing to the dimin-
ished immune-stimulatory activity of this strain.

Strains 381 and 33277 display distinct cell surface gingipain activities. The
RNA-seq data in Table 2 indicate that multiple genes encoding factors associated with
virulence were expressed more highly in strain 33277 compared to strain 381. Notably,
several genes (wbaP, porW, vimF, and porV), which are associated with the expression
of cell-surface-localized, carboxy-terminal domain (CTD)-containing proteins (44), were
upregulated greater than 2-fold in strain 33277 (Table 2). In addition, genes encoding
the gingipain proteases (kgp, rgpA, and rgpB), which also belong to the CTD family of
proteins (44, 45), were upregulated in 33277. The gingipain cysteine proteases are
critical for the ability of P. gingivalis to acquire nutrients and have well-established roles
as modulators of host cell innate immune-responses in periodontal disease, including
the ability to promote production of complement factor C5a or degrade host innate
immune coreceptors such as CD14 (17, 46, 47).

To investigate if these strains express distinct levels of cell surface gingipains, we
measured arginine-dependent (Rgp) (Fig. 5A) and lysine-dependent (Kgp) gingipain
activities (Fig. 5B) using a chromogenic substrate assay (48, 49). The results of these
experiments indicate that both Rgp and Kgp gingipain activities are significantly
reduced in strain 381 relative to strain 33277. We also compared the capacities of
strains 33277 and 381 to degrade a defined gingipain substrate, the host defense
peptide LL-37 (50). As shown in Fig. 6, Western blot analysis of the test samples
confirmed that strain 33277 displays a substantially higher level of cell-surface-associated
gingipain activity compared to strain 381, based upon its potent ability to degrade
LL-37. An isogenic 33277 mutant strain bearing inactivating mutations in all three
gingipain genes (33.k.rA.rB TKO) did not degrade the LL-37 substrate relative to the
wild-type 33277 or the 381 strains confirmed the gingipain dependence of the LL-37
degradation assay. Examination of the 33.k.rA.rB TKO mutant using the chromogenic
gingipain substrate assay confirmed that this strain has substantially reduced total
gingipain activity compared to the wild-type P. gingivalis strains (see Fig. S3 in the

FIG 5 Strains 33277 and 381 display distinct cell-surface-associated gingipain activities. (A) Arginine (Rgp)-
dependent and (B) lysine (Kgp)-dependent gingipain substrates were coincubated with strains 33277 and 381 (108

bacteria) and the OD450 was measured. Fold change in gingipain activity is reported relative to the PBS control.
Data are presented as means � SD from triplicate sample determinations and are representative of three
independent experiments. Asterisks indicate statistical significance as determined by Student’s unpaired t test (**,
P � 0.001; ***, P � 0.0001).
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supplemental material). A peptide displaying an increased molecular weight compared
to the full-length LL-37 peptide was also observed in both 33277 and 381 strain
reactions (Fig. 6, asterisk), but it appears to be a structural variant of LL-37 that is
present in the synthetic peptide preparation (data not shown). Taken together the
above data in Fig. 5 and 6 provide novel evidence that the differential expression of
gingipain proteases may influence the immune-modulatory phenotypes of strains
33277 and 381.

Gingipains contribute to the distinct immune-stimulatory capacities of strain
33277 and strain 381. We next tested the 33277 isogenic gingipain-deficient strain
(33.k.rA.rB) for its capacity to activate TLR2 relative to the wild-type 33277 and 381
strains (Fig. 7). The results in Fig. 7 demonstrate that the 33277 isogenic gingpain-
deficient mutant strain is significantly more potent in its capacity to stimulate TLR2
activity than the parental 33277 strain. As an alternative approach to validate the role
of gingipains, we compared the immune-stimulatory capacities of live (L) and heat-
inactivated (HK) strains, based upon evidence that heat-inactivation eliminates the

FIG 6 Strains 33277 and 381 display pronounced differences in cell surface gingipain activity toward a
defined substrate. Western blot analysis of degradation reactions of the gingipain substrate LL-37. For
degradation reactions, synthetic LL-37 was exposed to 33277, 381, or the gingipain-deficient strain
33.k.rA.rB TKO for the indicated times. All samples loaded were from equivalent reaction volumes, except
for the 33.k.rA.rB TKO sample, which was loaded at a 1/10 reaction volume relative to the other samples.
The asterisk indicates the position of a minor variant form of LL-37 peptide present in the synthetic
peptide preparation. The data shown are representative of three independent experiments.

FIG 7 The 33277 isogenic mutant strain deficient for gingipains exhibits increased immune-stimulatory
capacity. HEK cells expressing TLR2 were stimulated with wild-type strains 33277 and 381 and the
gingipain-deficient strain, 33.k.rA.rB TKO (105 bacteria). The fold change in NF-�B activation from
bacterial stimulations is shown relative to the unstimulated control. Data are presented as means � SD
from triplicate sample determinations and are representative of three independent experiments. Aster-
isks indicate statistical significance as determined by Student’s unpaired t test (***, P � 0.0001).
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ability of strain 33277 to degrade the gingipain substrate, LL-37. Heat-inactivation of
the 33277 strain significantly increased its ability to activate TLR2 relative to the live
33277 strain (Fig. 8A), consistent with a reduction of gingipain activity. In contrast, heat
inactivation of the 33.k.rA.rB TKO isogenic mutant did not normally increase its
immune-stimulatory capacity relative to the parental 33277 strain. Furthermore, the
heat-inactivated 381 strain did not always exhibit statistically significant increases in
immune-stimulatory activity relative to the live 381 strain, consistent with a more
limited immune-suppressive role for the gingipains in determining the immune-
modulatory characteristics of strain 381. Similar results were obtained when the sam-
ples were tested on THP-1 cells, confirming that higher levels of gingipains contribute
to the reduced ability of strain 33277 to stimulate inflammasome-dependent IL-1�

production (Fig. 8B).
We also examined the combined influence of gingipain activity and the fimB allele

in both strains 33277 and 381 on TLR2 activity by comparing the live parental strains
and isogenic fimB mutant strains with their corresponding heat-inactivated strains (Fig.
9A). As expected, the live 33277 isogenic mutant strain bearing the 381 fimB allele
(33.38.fimB-C KI) displayed a partially increased capacity to activate TLR2 compared to
the live parental 33277 strain. The potencies of the 33277 and 33.38.fimB-C KI mutant,
which contains the 381-type fimB allele, were further increased by heat inactivation.
However, neither of these strains displayed maximal immune-stimulatory characteris-
tics of the 381 strain. In contrast to strain 33277, heat inactivation of the parental 381
strain typically induced a more modest increase in its capacity to activate TLR2, and this
outcome was not always statistically significant. These results are consistent with
gingipain activity not contributing as substantially to immune repression by strain 381,
due to a lower total cell surface expression of gingipains in strain 381 relative to strain
33277. In support of this, the strains having a 33277 background displayed a more
marked increase in immune-stimulatory activity following heat inactivation compared
to the strains having a 381 background. Similar results were obtained with respect to
the abilities of these strains to stimulate IL-1� production in THP-1 cells (Fig. 9B). Based
upon the cumulative evidence, we conclude that strain-specific differences in both
gingipain activity and the fimB allele confer the distinct immune-stimulatory pheno-
types characteristic for strains 33277 and 381. In other words, increased cell surface
gingipain expression and a defective fimB variant render strain 33277 significantly less
immune stimulatory than the 381 strain.

FIG 8 Heat inactivation increases the immune-stimulatory activity of strain 33277. (A) HEK cells expressing TLR2
were stimulated with either live (L) or heat-inactivated (HK) strains 33277, 33.k.rA.rB TKO, and 381 (105 bacteria).
Fold change in NF-�B activation from bacterial stimulations is shown relative to the unstimulated control. (B)
Differentiated THP-1 cells were stimulated with either live (L) or heat-inactivated (HK) strains 33277, 33.k.rA.rB TKO,
or 381 (105 bacteria). Fold change in IL-1� production from bacterial stimulations is shown relative to the
unstimulated control. Data are presented as means � SD from triplicate sample determinations and are repre-
sentative of two independent experiments. Asterisks indicate statistical significance as determined by Student’s
unpaired t test (**, P � 0.001; ***, P � 0.0001). ns, not statistically significant.
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Cell surface CTD proteins limit the immune-stimulatory capacity of P. gingivalis
strains 33277 and 381. As mentioned above, the gingipains are outer-cell-surface CTD
protein family members (44). Consequently, we expected that 33277 and 381 P.
gingivalis strains devoid of CTD proteins would exhibit enhanced immune-stimulatory
capacities similar to the phenotype observed for the 33277 gingipain-deficient strain.
We decided to assess the potential immune-suppressive roles of CTD proteins, includ-
ing the gingipains, by eliminating all of the CTD-containing proteins from the cell
surface of both strains 33277 and 381. For this purpose, we used the isogenic 332277
and 381 mutant strains, which are deficient for the PGN_0168 gene, designated 33.168
KO and 38.168 KO, respectively. PGN_0168 encodes an enzyme that is essential for
A-LPS synthesis, and A-LPS constitutes the membrane anchor to which CTD proteins are
attached (44, 51–53). Therefore, these mutant strains are expected to express reduced
levels of CTD family members, including gingipains, on their cell surface, resulting in a
nonpigmented phenotype. We verified both the pigmentation-negative phenotypes
(see Fig. S4 in the supplemental material), and the significantly reduced gingipain
activities (Fig. S3) of these mutant strains. As shown in Fig. 10A, both the 33.168 KO
strain and the 38.168 KO strain displayed enhanced capacities to stimulate TLR2
compared to their respective parental 33277 and 381 strains, consistent with reduced
levels of gingipains on the cell surface. Likewise, both the 33.168 KO and 38.168 KO
strains potently stimulated IL-1� production in THP-1 cells compared to their respective
parental 33277 and 381 strains (Fig. 10B). These data provide additional novel evidence
that both strains 33277 and 381 express A-LPS-linked cell surface CTD proteins, including
the gingipains, which are capable of exerting immune-suppressive effects on host cells.

DISCUSSION

Previous studies by Rodrigues et al. provided compelling evidence that the highly
related P. gingivalis strains 33277 and 381 display remarkably divergent capacities to
interact with vascular endothelial cells and induce proinflammatory cytokine profiles,
although the genetic basis for these strain-specific activities was not determined (33).
In the present study, we investigated genetic differences between P. gingivalis strains
33277 and 381 in order to more fully understand the basis of their distinct capacities
to activate TLR2-dependent signaling and stimulate IL-1� production in human cells.
Our data indicate that the distinct immune-stimulatory capacities of these strains is

FIG 9 Influence of heat inactivation on the immune-stimulatory activity of strains 33277 and 381 and the isogenic
fimB mutant strains. (A) HEK cells expressing TLR2 were stimulated with live (L) or heat-inactivated (HK) wild-type
strains 33277 and 381 and the indicated isogenic fimB mutant strains (105 bacteria). Fold change in NF-�B activation
from bacterial stimulations is shown relative to the unstimulated control. (B) Differentiated THP-1 cells were
stimulated with live (L) or heat-inactivated (HK) wild-type strains 33277 and 381 and the indicated isogenic fimB
mutant strains (105 bacteria). Fold change in IL-1� production from bacterial stimulations is shown relative to the
unstimulated control. Data are presented as means � SD from triplicate sample determinations and are repre-
sentative of two independent experiments. Asterisks indicate statistical significance as determined by Student’s
unpaired t test (*, P � 0.05; **, P � 0.001; ***, P � 0.0001). ns, not significant.
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determined in part by functional contributions of the fimB allele present within each
genome of these strains. This finding reveals a previously unappreciated function of the
FimB subunit of major fimbriae as an important cell surface activator of host TLR2-
dependent innate immune responses for strain 381. However, we note that the 381
strain reported by Nagano et al. (38) differed from the 381 strain used in the present
study (54). Specifically, the 381 strain used in our study contains an intact fimB allele,
whereas the 381 strain used by Nagano et al. contains a 33277-type fimB allele bearing
the premature stop codon in the coding region. The fimB gene is part of a gene cluster
containing the major fimbrial subunit genes fimB to fimE (38), whereas the fimA gene,
encoding the major structural fimbrial subunit, is expressed by an independent pro-
moter (39). The major fimbria in P. gingivalis represents a prominent virulence factor in
this organism that regulates a number of functions associated with pathogenicity,
including its capacity to invade host cells and promote inflammatory disorders such as
periodontitis and atherosclerosis (6, 35, 55). Early studies established the FimA com-
ponent of major fimbria as a specific ligand for TLR2 in epithelial cells (41). Further
peptide mapping studies demonstrated that FimA was capable of eliciting CD14-
dependent TLR2/CD11b/CD18 activation in macrophages (56). In addition, the acces-
sory structural subunits FimC, FimD, and FimE, which are associated with FimA, were
reported to confer virulence characteristics to the 33277 strain by activating TLR2/CR3-
dependent signaling (40, 57). However, these earlier studies did not examine the
contribution of FimB, which may be required for the full biological activity of the major
fimbria in the context of live P. gingivalis. Notably, during fimbria assembly and
maturation, the N-terminal lipoprotein regions of FimA and FimC to FimE are removed
by gingipain processing during fimbrial maturation, suggesting that these proteins do
not function as conventional triacylated lipoprotein agonists for TLR2 signaling (37, 40).
In line with these data, our previous evidence indicated that both 33277 and 381
isogenic mutant strains deficient in the fimA gene were not appreciably altered in their
capacities to stimulate TLR2/TLR1/CD14 activation (15), supporting the idea that FimA
is not required for live P. gingivalis to activate TLR2 signaling. In contrast to the fimA and
fimC to -E genes, others have demonstrated that the fimB gene produces a mature
fimbrial lipoprotein subunit that both controls the length of the fimbria and serves to
anchor the major fimbrial structural proteins (FimA, FimC, FimD, and FimE) to the cell
surface via its lipoprotein moiety (38, 40). Our data support the concept that the specific
immune-stimulatory capacity of the major fimbria in strain 381 is partly due to the
full-length FimB protein functioning as a direct ligand for TLR2 activation, which can

FIG 10 Isogenic mutant strains of 33277 and 381 that are devoid of CTD proteins display increased immune-
stimulatory activity. (A) HEK cells expressing TLR2 were stimulated with wild-type strains 33277 and 381 and the
indicated isogenic mutant strains (105 bacteria). Fold change in NF-�B activation from bacterial stimulations is
shown relative to the unstimulated control. (B) Differentiated THP-1 cells were stimulated with wild-type strains
33277 and 381 and the indicated isogenic mutant strains (105 bacteria). Fold change in IL-1� production from
bacterial stimulations is shown relative to the unstimulated control. Data are presented as means � SD from
triplicate sample determinations and are representative of two independent experiments. Asterisks indicate
statistical significance as determined by Student’s unpaired t test (*, P � 0.05; **, P � 0.001).
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also partially account for this strain’s robust ability to promote THP-1 cell-dependent
inflammasome priming and IL-1� production via TLR2 activation (22). Conversely, our
studies indicate that part of the reduced capacity of the 33277 strain to elicit TLR2
signaling and IL-1� production is conferred by aberrant FimB protein expression on the
outer surface of the bacterium, presumably due to the premature stop codon in the
33277 fimB variant (38). Formal validation of this model will require examining 381 and
33277 isogenic mutant strains that contain the functional fimB allele but are deficient
for the fimA and fimC to -E alleles. These types of experiments will clarify the respective
functional immune-modulatory roles of FimB and the other Fim proteins.

Another important finding in the present study is that strains 381 and 33277 display
remarkably distinct gene expression patterns. The transcriptomic profiling of these
strains validated RNA seq as a powerful approach to identify genetic and functional
differences between two closely related strains. For example, we discovered that the
position of an insertion sequence (PGN_1319) is unique to the 33277 genome, and it
potently interferes with the expression of a putative operon containing three genes
(PGN_1320, PGN_1318, and PGN_1317) in strain 33277. However, despite the pro-
nounced differential regulation of these genes, they do not appear to be involved in
conferring the immune-modulatory phenotypes examined in the present study. Nev-
ertheless, it is possible that they mediate another strain-specific phenotype or pheno-
types between strains 381 and 33277.

The transcriptome comparison also demonstrated that select genes encoding CTD
family proteins, as well as genes encoding factors that are involved in regulating CTD
family protein expression, are upregulated in strain 33277 relative to strain 381. The
CTD protein family consists of approximately 30 or more distinct proteins, including the
gingipains, and these proteins are transported to the cell surface via the type IX
secretory system (T9SS) (44). Subsequently, CTD family proteins are either attached to
the cell surface via an A-LPS anchor or secreted (45). We observed upregulated genes
in 33277, including those genes encoding proteins required for CTD protein transport
(e.g., porL to porN and porT-porW), major virulence-associated CTD family proteins (e.g.,
kgp, rgpA, rgpB, and PPAD), and A-LPS synthesis (e.g., wbaP and waaL) (7, 44, 52, 53, 58).
The mechanism underlying the strain-specific upregulation of genes involved in CTD
protein expression is currently unknown. However, there is currently intense interest in
understanding the regulation of genes governing CTD protein expression given the
potential pathological role of CTD proteins such as gingipains and PPAD in human
inflammatory diseases, including, chronic periodontitis, Alzheimer’s disease, and car-
diovascular disease (5, 7). It is noteworthy that there was a global increase in genes
encoding RNA polymerase and ribosomal subunit proteins in 33277 relative to 381,
suggesting that the 33277 strain is metabolically more active. However, this distinction
does not account for the specificity of differential gene expression patterns between
the two strains. It is possible that specific response regulators may be differentially
expressed in these two strains. We did not observe appreciable strain-specific differ-
ences in the expression of the two-component system genes (porX and porY), which
have been implicated in regulating the gene expression of T9SS components (44, 59).
On the other hand, the gene (sigP) encoding the extracytoplasmic function sigma
factor, SigP, was upregulated approximately 1.8-fold in strain 33277. Notably, the SigP
factor functions as a response regulator for the PorXY complex to promote expression
of the por genes (44, 59). These types of observations suggest that further comparison
of these two strains may be a useful tool for future studies aimed at elucidating the
strain-specific regulation of the T9SS system and CTD protein expression revealed in
this study.

Collectively, the observations regarding strain differences in T9SS and gingipain
gene expression patterns led to the finding that cell surface gingipain activity in
combination with the fimB allele significantly contributes to the strain-specific differ-
ences in HEK cell TLR2 activation and THP-1 cell IL-1� production between the two
strains. Specifically, our data demonstrate that the elevated level of gingipain expres-
sion in strain 33277, compared to strain 381, serves to dampen its capacity to elicit
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robust innate immune responses. Our experiments did not elucidate the mechanism
regarding how the gingipains diminish HEK cell TLR2-dependent NF-�B activation or
THP-1 cell-dependent IL-1� production. However, evidence from other investigators
has shown that P. gingivalis gingipains can directly degrade secreted IL-1� following
inflammasome activation of THP-1 cells (60). This could also potentially contribute to
diminished NF-�B activity in the macrophage via a reduction of autocrine IL-1R-
dependent signaling. Other studies have indicated that gingipains directly target
membrane-bound CD14 to accomplish P. gingivalis immune-dampening activity of
TLR2-dependent responses in macrophages (24, 61), and both HEK cell assays and
differentiated THP-1 cell assays in the present study employed CD14-mediated TLR2
signaling. In addition, the gingipains have been shown to modulate TLR2 signaling via
complement 5a receptor (C5aR) cross talk in neutrophils and macrophages (8, 62). A
direct comparison of strains 33277 and 381 and the isogenic gingipain mutant strains’
abilities to modulate CD14 binding function or C5aR-dependent signaling should
address these possibilities.

It is also appropriate to consider how our findings regarding the fimB gene and
gingipain activities in the present study may provide mechanistic explanations for a
previous strain comparison by Rodrigues et al. examining the capacities of 33277 and
381 to interact with vascular endothelial cells (33). In that study, the authors examined
multiple strain-specific characteristics, including the relative capacities of these strains
to adhere to, traffic, and survive within human coronary artery endothelial (HCAE) cells,
as well as the strains’ capacities to elicit proinflammatory host cell responses. The
authors observed that the 381 strain exhibited significantly increased adherence to
HCAE cells, and 381 trafficked intracellularly through the autophagic pathway, whereas
33277 trafficked via the endosomal pathway. In addition, the two strains exhibited
distinct intracellular survival patterns. It is possible that differential gingipain expression
contributed to the strain-specific adherence, trafficking, and survival phenotypes ob-
served in that study, given the purported roles of gingipains in mediating strain 33277
adherence to and release from epithelial cells (63) and their roles in mediating 381 and
33277 intracellular invasion, trafficking, and survival in aortic endothelial cells (64, 65).
Similarly, it is plausible that FimB-dependent fimbrial structure contributes to the
strain-specific modes of adherence and intracellular entry in HCAE cells based upon
previous evidence indicating that 381-type fimbriae mediate invasion into aortic en-
dothelial cells (64, 66), as well as bacterial adherence and intracellular uptake by
macrophages (67). In this regard, FimB might be a virulence determinant conferring the
capacity of the invasive strain, 381, to promote periodontal disease or atherosclerosis,
in contrast to the avirulent, noninvasive strain, 33277 (32, 35, 68). Perhaps both the cell
surface gingipains and FimB influence the distinct capacities of strains 33277 and 381
to elicit TLR2-dependent cytokine responses (e.g., IL-6, MCP-1, VCAM, and E-selectin)
observed in HCAE cells, since these cells express functional TLR2 (69). Formal investi-
gation into the roles of FimB and gingipains in determining the strain-specific interac-
tions of P. gingivalis with vascular endothelial cells and disease models will be required
to test these possibilities.

We also note that it is likely that one or more factors in addition to fimB and
gingipains contribute to the reduced immune-inflammatory potential to the 33277
strain, since the 33277 mutant strains (both single- and multiple-gene knockouts) did
not typically achieve the maximal immune-stimulatory capacity displayed by strain 381.
Additional candidate factors could be CTD family proteins other than the gingipains
since there are more than 30 members of the CTD protein family (44). In line with this
idea, we identified additional upregulated CTD family genes, PGN_0898 and PGN_0900,
which encode a peptidyl arginine deiminase (PPAD) and a PrtT-related thiol protease,
respectively. It is possible that the gingipains and PPAD play a cooperative role in
promoting some aspects of dampened innate immune responses to strain 33277, given
the dependence that PPAD activity has for Rgp protease activity and the potential for
PPAD-dependent citrullination to modulate host cell responses (7). Interestingly, an
early study found a single-nucleotide polymorphism creates a stop codon in the kgp
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genes of 381 and 33277 produces a separation of the Kgp catalytic domain from the
adhesin domain relative to strains such as W12 (70). These types of strain-specific
variations in the lysine gingipain locus emphasize the need to further explore the roles
of these proteases in determining strain-specific virulence. These observations encour-
age future investigations into the role that these and other CTD proteins play in
mediating the immune-modulatory activity of P. gingivalis.

In summary, our findings demonstrate that both the fimB allele and levels of
gingipain expression are key determinants responsible for conferring the distinct
immune-modulatory capacities of the highly related P. gingivalis strains 381 and 33277.
These findings support the current focus on the fimbriae and CTD family proteins such
as the gingipains as key virulence factors mediating the pathogenic role of P. gingivalis
in chronic human inflammatory diseases (5–8, 25, 55, 71). The present study also
validates further mining of the genomic and transcriptomic results obtained from this
strain comparison as an efficient experimental approach to elucidate additional factors
and regulatory pathways that determine virulence characteristics for P. gingivalis.

MATERIALS AND METHODS
Bacterial strains and growth conditions. P. gingivalis strains ATCC 33277 and 381 were from our

culture collection, and the identity of each strain was verified by whole-genomic sequencing. All bacterial
stains used in this study were grown on blood agar plates containing 5% sheep’s blood. Liquid cultures
were grown in TYHK broth (30 g/liter Trypticase soy broth, 5 g/liter yeast extract, and 1 mg/liter vitamin
K3). Following sterilization by autoclaving, filter-sterilized hemin was added to TYHK broth, just prior to
inoculation, to a final concentration of 1 �g/ml. All strains were grown in an anaerobic growth chamber
(5% H2, 5% CO2, 90% N2) at 37°C.

Generation of isogenic mutant strains. The 33277 and 381 isogenic mutant strains used in this
study were constructed using antibiotic resistance cassettes (ermF, tetQ, and cepA) in gene-targeting
plasmids designed to either delete specific coding regions or insert desired replacement sequences by
homologous recombination. The gene-targeting plasmids were introduced into strains by natural
transformation and selected on TYHK agar plates containing the appropriate selection antibiotic (eryth-
romycin [5 �g/ml], tetracycline [1 �g/ml], or ampicillin 2 �g/ml]). The genotype for each mutant strain
was verified by PCR analyses. For construction of the isogenic mutant strain 33.381.fimB-C KI, the 33277
fimB to -E gene cluster was initially replaced with an ermF cassette. Subsequently, a gene-targeting
plasmid bearing the 381 fimB-fimC gene cluster positioned between the upstream fimA gene and a
downstream tetQ cassette joined to the fimE 3=-flanking region was introduced into this strain, replacing
the ermF cassette and leaving an intact 381-type fimB-fimC gene cluster, but lacking the fimD and fimE
genes in the 33277 background. For construction of the isogenic mutant strain 38.33.fimB-E KI, the 381
fimB to -E gene cluster was initially replaced with an ermF cassette. Subsequently, a targeting plasmid
bearing the 33277 fimB to -E gene region positioned between the upstream fimA gene and downstream
tetQ cassette and fimE flanking sequence was then introduced into this strain, replacing the ermF cassette
and leaving an intact 33277-type fimB to -E gene cluster in the 381 background. For construction of the
381 isogenic mutant strains, 38.1320 KO, 38.1318 KO, and 38.1317 KO, deletions were generated in either
PGN_1320, PGN_1318, or PGN_1317 coding regions by targeting plasmids containing an ermF cassette
located between the upstream and downstream flanking regions for the gene to be deleted. The same
three targeting plasmids were separately introduced into strain 38.33.fimB-E to construct the double
mutant strains 38.1320 KO.33.fimB-E KI, 38.1318 KO.33.fimB-E KI, and 38.1317 KO.33.fimB-E KI, all in the
381 background. The isogenic mutant strain 38.mfa1-5 KO was generated by using a gene-targeting
plasmid containing an ermF cassette located between the upstream and downstream flanking regions for
mfa1 to mfa5, resulting in deletion of the mfa1 to -5 gene cluster from the 381 background. The 33277
isogenic mutant strain bearing deletions in all three gingipain alleles was created using three sequential
gene-targeting plasmids designed to replace the kgp coding sequence with cepA, the rgpA coding
sequence with ermF, and the rgpB coding sequence with tetQ. The 33277 and 381 isogenic mutant strains
33.168 KO and 38.168 KO are deficient for expression of cell surface CTD family proteins and were created
by replacing the coding sequence for PGN_0168 with ermF. The black pigmentation-negative phenotype
characteristic of gingipain-deficient strains used in this study was verified on blood agar plates (Fig. S4).

Whole-genome resequencing and variant analyses. Duplicate bacterial genomic DNA prepara-
tions from 1-ml stationary-phase cultures were generated for both 33277 and 381 strains using the
DNeasy Blood and Tissue kit (Qiagen). The samples were then purified further using the ZymoDNA Clean
and Concentrator-5 kit (Zymo Research).

Genomic sequencing was performed as previously described (72). Briefly, DNA libraries were pre-
pared using the Nextera XT kit (Illumina, San Diego, CA, USA), according to the manufacturer’s specifi-
cations. Libraries were the then sequenced using an Illumina MiSeq platform (2 � 300 bp). The BBDuk
(73) tool for Geneious software version 9.1.8 (74) was used to quality trim and filter Illumina adapters,
artifacts, and PhiX from reads. Paired reads with quality scores averaging �6 before trimming or with a
length of �20 bp after trimming were discarded. The remaining reads were mapped using Geneious
mapper to the published reference genomes of 33277 (accession no. AP009380.1) (75) and 381
(accession no. CP012889.1) (54), resulting in 40 to 70� mean coverage per duplicate sample. Polymor-
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phisms were then identified using a minimum variant frequency of 0.25 and minimum coverage of 10
reads relative to the reference. Polymorphism frequencies in each culture were determined and gated at
a �10% threshold. We summarize the data in Table 1. Only unique mutations found in both replicate
cultures (frequency of �80%) were summarized.

RNA-seq and transcriptome analyses of strains 33277 and 381. RNA was purified from triplicate
P. gingivalis cultures of each strain that were treated with TRIzol (Invitrogen) to facilitate cell lysis. Briefly,
a fully grown 3-ml culture was spun, the pellet was brought up in 900 �l TRIzol, mixed with 200 �l
chloroform, and the sample was spun for 15 min. The upper aqueous layer was transferred to a new tube,
an equal volume of isopropanol added, mixed well and frozen in a – 80°C freezer. The next day, the
samples were thawed, pelleted, and washed with 70% ethanol, and then resuspended in H2O. Twenty
micrograms of this sample, comprising crude RNA, was subjected to DNase treatment using RQ1 DNase
(Promega). The sample was again subjected to TRIzol and chloroform treatment and centrifuged, and the
upper aqueous layer was concentrated using the Zymo RNA Clean and Concentrator-5 kit (Zymo
Research), according to the manufacturer’s instructions.

RNA samples were then processed for sequencing (Center for Precision Diagnostics, University of
Washington). rRNA was removed from the total RNA using the Ribo-Zero (Bacteria) kit (Epicentre,
Madison, WI). mRNA was purified using the Zymo RNA Clean and Concentrator kit (Zymo Research, Irvine,
CA). The RNA concentration and integrity were monitored before and after rRNA removal using a Qubit
3.0 fluorometer (Life Technologies, Waltham, MA) and Agilent RNA ScreenTape Assay for the 4200
TapeStation system (Agilent Technologies, Santa Clara, CA). cDNA libraries from rRNA-depleted RNA were
generated using random-primed cDNA synthesis methods according to the ScriptSeq v2 RNASeq Library
preparation protocol (Epicentre, Madison, WI). Prior to second-strand cDNA synthesis, the di-tagged
cDNA was purified using the Agencourt AMPure XP system (Beckman Coulter, Brea, CA). ScriptSeq index
primers were added to the libraries, which were then PCR amplified for 15 cycles. The clustering of the
index-coded samples was performed on a cBot Cluster Generation system using TruSeq PE Cluster kit
v3-cBot-HS (Illumina, San Diego, CA) according to the manufacturer’s instructions. After cluster genera-
tion, the library preparations were sequenced on an Illumina Hiseq 2500 platform, and paired-end reads
were generated (2� 100 bp).

Barcodes were trimmed, and low-quality and short sequences (�100 bp) were filtered using BBDuk
(https://sourceforge.net/projects/bbmap) (76), implemented in Geneious version 11 (74). Expression
values for each mRNA sample were generated by mapping of paired reads onto the annotated reference
genome of P. gingivalis ATCC 33277, resulting in �500� coverage per sample (range of 17 to 20 million
reads mapped per sample). Expression-level counts and differential expression calculations in triplicate
between strains were performed using Geneious version 11 using DESeq2 normalization (77). DESeq2
uses a model based on the negative binomial distribution with variance and mean linked by local
regression (78).

HEK cell TLR2 and TLR4 reporter assays. HEK293 cells were cultured in high-glucose Dulbecco’s
modified Eagle’s medium (DMEM), containing 10% heat-inactivated fetal bovine serum (FBS), and
supplemented with penicillin and streptomycin. HEK293 cells were plated in 96-well plates (4 � 104 cells
per well) and transfected the following day with plasmids encoding NF-�B-dependent firefly luciferase
reporter, �-actin promoter-dependent Renilla luciferase reporter, in combination with either plasmids
containing human TLR2, human TLR1, and human CD14, or plasmids containing human TLR4, human
MD-2, and human CD14 as described previously (15). At 18 to 20 h posttransfection, test wells were
stimulated in triplicate with 105 bacteria in stimulation medium (DMEM containing 10% human serum)
for 4 h at 37°C. For initial preparation of bacterial stimulation samples, strains 33277 and 381 were grown
to the stationary phase (24 to 48 h) pelleted, and washed once in TYHK, and their concentration was
determined by measuring the optical density at 600 nm (OD600). For experiments using heat-inactivated
bacteria, the bacteria were heated at 100°C for 5 to 10 min prior to suspension in stimulation medium.
After the stimulation reactions were terminated, luciferase activity of the plate samples was assayed
using a dual-luciferase assay reporter system (Promega, Madison, WI). NF-�B activity was measured as the
ratio of NF-�B-dependent firefly luciferase activity to �-actin promoter-dependent Renilla luciferase
activity, which served as an internal standard. The data were plotted as the fold difference of NF-�B
activity of the test samples relative to the unstimulated control.

THP-1 cell assay for IL-1� production. Human THP-1 monocytic cells were cultured in growth
medium (RPMI 1640 medium; Life Technologies, Carlsbad, CA) containing 10% heat-inactivated FBS and
supplemented with penicillin (100 U/ml) and streptomycin (100 �g/ml). The cells were plated in 96-well
plates (4 � 104 cells per well) in growth medium containing phorbol-12 myristate-13 acetate (100 nM) to
promote differentiation for 20 to 24 h. The next day, the cells were rinsed once with growth medium and
exposed to RPMI 1640 medium containing 10% heat-inactivated FBS supplemented with 100 nM vitamin
D3 (Sigma-Aldrich, St. Louis, MO) for an additional 24 to 48 h. For preparation of bacterial stimulation
samples, bacterial strains were grown to the stationary phase (24 to 48 h), pelleted, and washed once in
TYHK medium, and their concentration was determined by measuring the OD600, and suspended in
stimulation medium. Subsequently, the differentiated THP-1 cells were stimulated in triplicate with 105

bacteria suspended in RPMI 1640 medium containing 10% heat-inactivated FBS for 5 h at 37°C. For
experiments using heat-inactivated bacteria, the bacteria were heated at 100°C for 5 to 10 min prior to
suspension in stimulation medium. Following the 5-h stimulation, THP-1 cell supernatants (100 �l)
analyzed by enzyme-linked immunosorbent assay (ELISA) to quantify human IL-1� production according
to the manufacturer’s instructions (BD Biosciences). IL-1� production was determined by measuring the
absorbance at OD450 on a microplate reader. The data were plotted as the fold change in IL-1�

production of the test samples relative to the unstimulated control.
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Gingipain activity assays. Lysine (Kgp)-dependent and arginine (Rgp)-dependent gingipain activi-
ties were measured for the wild-type, gingipain-deficient, and A-LPS-deficient P. gingivalis strains using
chromogenic substrates N-�-acetyl-L-lysine-p-nitroanilide and N-�-benzoyl-L-Arg-p-nitroanilide as previ-
ously described with slight modifications (48, 49). For each test sample, 108 bacteria were washed,
pelleted, and suspended in 100 �l of phosphate-buffered saline (PBS) and combined with 100 �l of the
appropriate substrate solution (either 0.75 mM N-�-acetyl-L-lysine-p-nitroanilide, 10 mM L-cysteine,
10 mM CaCl2, 100 mM Tris-HCl (pH 8.0), or 0.75 mM N-�-benzoyl-L-Arg-p-nitroanilide, 10 mM L-cysteine,
10 mM CaCl2, 100 mM Tris-HCl [pH 8.0]). Reactions proceeded for 5 to 15 min at 30°C. Subsequently,
OD450 measurements were recorded to quantify the Rgp-dependent and Kgp-dependent gingipain
activities of the wild-type and mutant P. gingivalis strains.

Strain-dependent gingipain activity toward a defined biological substrate was measured as the
capacity of live bacterial strains to degrade a synthetic LL-37 peptide (AnaSpec). For each reaction, 5 �l
of LL-37 (5 �g) suspended in H2O was combined with 45 �l of P. gingivalis strain 33277 or 381 suspended
in TYHK (OD600 � 0.1). The reaction mixtures were incubated at 37°C for the times specified in Fig. 6. At
the appropriate time points, 10 �l of each reaction mixture was removed, and the reaction was
terminated by addition of 140 �l of LDS buffer (Invitrogen) and the sample heated for 3 min at 100°C.
For Western blotting of the reactions, terminated samples (20 �l) were resolved in nonreducing,
denaturing 4 to 20% Tris-glycine polyacrylamide gels (Invitrogen, Carlsbad, CA) and then transferred to
a 0.2-�m-pore nitrocellulose membrane (Invitrogen, Carlsbad, CA). Membranes were probed overnight
at 4°C using a monoclonal anti-LL37 antibody (Santa Cruz). The blot was washed and probed with goat
anti-mouse IgG antibody-horseradish peroxidase conjugate (Jackson ImmunoResearch Laboratories,
West Grove, PA) for 1 h at room temperature. Detection of proteins was achieved by treating the blots
with SuperSignal West Pico chemiluminescent substrate (Pierce, Rockford, IL) followed by exposure to
BioMax MS film (Kodak).

Accession number(s). RNA-seq data have been deposited in the GEO database under accession no.
GSE128899.
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