
PPAD Activity Promotes Outer Membrane Vesicle Biogenesis
and Surface Translocation by Porphyromonas gingivalis

Danielle M. Vermilyea,a*M. Fata Moradali,a Hey-Min Kim,a Mary E. Daveya

aDepartment of Oral Biology, College of Dentistry, University of Florida, Gainesville, Florida, USA

Danielle M. Vermilyea and M. Fata Moradali contributed equally. The order of the authors was determined according to details in the Acknowledgments. Regarding the co-first

authors, briefly, Danielle M. Vermilyea spearheaded functional analysis of PPAD and analysis of biofilm growing cells. M. Fata Moradali led all surface translocation experiments in the

chamber slide system and transcriptomic analysis.

ABSTRACT Many bacteria switch between a sessile and a motile mode in response
to environmental and host-related signals. Porphyromonas gingivalis, an oral anae-
robe implicated in the etiology of chronic periodontal disease, has long been
described as a nonmotile bacterium. And yet, recent studies have shown that under
certain conditions, P. gingivalis is capable of surface translocation. Considering these
findings, this work aimed to increase our understanding of how P. gingivalis transi-
tions between sessile growth and surface migration. Here, we show that the peptidy-
larginine deiminase secreted by P. gingivalis (PPAD), an enzyme previously shown to
be upregulated during surface translocation and to constrain biofilm formation, pro-
motes surface translocation. In the absence of PPAD, the production of outer mem-
brane vesicles (OMVs) was drastically reduced. In turn, there was a reduction in gin-
gipain-mediated proteolysis and a reduced zone of hydration around the site of
inoculation. Transcriptome sequencing (RNA-Seq) and metabolomics analyses also
showed that these changes corresponded to a shift in arginine metabolism. Overall,
this report provides new evidence for the functional relevance of PPAD and pro-
teases, as well as the importance of PPAD activity in OMV biogenesis and release.
Our findings support the model that citrullination is a critical mechanism during life-
style transition between surface-attached growth and surface translocation by modu-
lating OMV-mediated proteolysis and arginine metabolism.

IMPORTANCE Gram-negative bacteria produce nanosized OMVs that are actively
released into their surroundings. The oral anaerobe P. gingivalis is prolific in OMV
production, and many of the proteins packaged in these vesicles are proteolytic or
protein-modifying enzymes. This includes key virulence determinants, such as the
gingipains and PPAD (a unique peptidylarginine deiminase). Here, we show that
PPAD activity (citrullination) is involved in OMV biogenesis. The study revealed an
unusual mechanism that allows this bacterium to transform its surroundings. Since
OMVs are detected in circulation and in systemic tissues, our study results also sup-
port the notion that PPAD activity may be a key factor in the correlation between
periodontitis and systemic diseases, further supporting the idea of PPAD as an im-
portant therapeutic target.

KEYWORDS Bacteroidetes, anaerobes, biofilms, biopearling, motility, proteases, protein
secretion

The ability to transition between surface-attached growth and a motile state is an
important adaptive mechanism for survival and persistence in some bacteria (1–3).

Despite the fact that the periodontal pathogen Porphyromonas gingivalis has histori-
cally been described as nonmotile, given certain environmental parameters, this
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bacterium is capable of surface migration (4). Specifically, surface translocation has
been demonstrated at the interface of soft agar and a glass or plastic surface. And yet,
the underlying mechanisms involved in this lifestyle transition are largely unknown. In
translocating cells, numerous genes are upregulated, including genes encoding a num-
ber of proteins secreted by the type IX secretion system (T9SS), a secretion system
linked to gliding motility in other members of the phylum Bacteroidetes (5–8). The
T9SS in P. gingivalis transports over 30 proteins that are delivered to the outer mem-
brane (OM) and also released into the surrounding environment via outer membrane
vesicles (OMVs) (9). T9SS cargo proteins include a variety of proteases, hemagglutinins,
adhesins, and the peptidylarginine deiminase secreted by P. gingivalis (PPAD) (9).
Importantly, it was previously noted that during the initial stage of surface transloca-
tion (hydration stage), ppad expression was upregulated 13-fold and the gingipains
were upregulated up to 22-fold (4). Furthermore, formation of a hydration zone was
characterized by hydrolysis and clearing of the red blood cells and it was proposed to
be dependent on the cumulative activity of proteases and PPAD (4, 10). These findings
are of particular interest given recent work showing that PPAD-mediated citrullination
modulates biofilm development; specifically, deletion of ppad in strain 381 resulted in
greater biofilm biomass due to the retention of gingipains and gingipain-derived adhe-
sins within the matrix (11). Overall, the data support a model of cooperative function
between gingipains and PPAD in modification of the surroundings and modulation of
lifestyle transition.

Additionally, metabolomic analysis of translocating cells showed that arginine and
putrescine were exhausted while citrulline accumulated in the extracellular milieu (4).
The exhaustion of arginine and putrescine suggested that polyamine biosynthesis
plays a role in surface translocation. Polyamines are polycationic molecules that are
produced from amino acids. Spermidine has been reported to be the most prevalent
polyamine in bacteria (12). For many species in the Bacteroidetes phylum, including P.
gingivalis, spermidine is predicted to be synthesized from arginine via the carboxysper-
midine dehydrogenase/carboxyspermidine decarboxylase (CASDH/CASDC) pathway,
which includes putrescine as an intermediate (12, 13). The production of polyamines,
specifically, spermidine, has been shown to modulate both biofilm development and
motility in other bacteria (14–16). Though arginine and putrescine levels were ex-
hausted from the surroundings by translocating P. gingivalis cells, spermidine levels
were not reported. It is also known that PPAD can citrullinate both peptidylarginine
and free arginine (17). Thus far, the effect of deleting ppad on peptidylarginine and/or
arginine levels has not been investigated directly, and is it unclear what effect any
resulting change in arginine concentration may have on polyamine biosynthesis.

Given that recent studies on PPAD in strain 381 have shown that biofilm formation
is enhanced when ppad is deleted, that deletion of ppad inhibits the release of gingi-
pains, and that the expression levels of PPAD and proteases are upregulated during
surface translocation, our working hypothesis for this study was that PPAD-mediated
citrullination and arginine metabolism play roles in modulating the transition between
sessile growth and surface translocation. To test this hypothesis, surface translocation
of fimbriated strain 381 and its corresponding ppad deletion mutant (381Dppad) was
investigated using an anaerobic chamber slide system and time-lapse microscopy
along with a combination of transcriptomic, genomic, and metabolomic analyses.
Overall, our findings support the model that PPAD activity is involved in surface condi-
tioning, modulation of arginine metabolism, and OMV biogenesis.

RESULTS
PPAD facilitates P. gingivalis surface translocation. Recently, the highly fimbri-

ated P. gingivalis strain 381 (18) was shown to display a complex motility behavior
when sandwiched between two surfaces, simulating the subgingival conditions (4). As
shown in Fig. 1a, migration from the site of inoculation starts with the formation of a
hydration zone around the inoculation site followed by the formation of pseudofilaments,
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outward spreading, subdiffusive cell-driven motility by individual cells, and formation
of distal biofilms (4). Given that ppad is upregulated at initial stages of lifestyle transi-
tion and that there is enhanced biofilm growth when ppad is not expressed, we
hypothesized that PPAD may play a key role in regulating the switch from a sessile life-
style to surface translocation and dispersal (4, 11). In this study, the complex motility
behavior of the P. gingivalis parent strain and the corresponding ppad mutant was
comprehensively assessed using an anaerobic chamber slide system and time-lapse
microscopy (4). Time-lapse recordings showed that within 24 h of incubation, the
381Dppad mutant generated a smaller hydration zone around the inoculation site
than the wild-type strain (see Fig. S1 in the supplemental material). As previously
defined, the hydration stage corresponds to medium digestion and the release of hy-
groscopic amino acids that reduce surface tension to facilitate outward migration,
measured in this study as the outermost migration of cells from the initial inoculum
(4). Within 48 h of time-lapse recording, the 381Dppad mutant formed very long pseu-
dofilaments compared with the parent strain (Fig. 1b, frames 2b and 2c; see also Fig.
S2). At between 48 to 96 h, when the wild-type cells displayed outward spreading and
colony expansion, long pseudofilaments of the ppad mutants tended to aggregate in
the hydrated area (see Videos S1 to S3 in the supplemental material). Compared with
wild-type strain 381, which displayed subdiffusive cell-driven motility around 120 h af-
ter incubation (Video S4), aggregation of 381Dppad cells extended the period of col-
ony expansion and delayed progression to subdiffusive cell-driven motility to about
160 h (Fig. 1b, frames 1 and 2; see also Video S5). Similarly, cryo-scanning electron mi-
croscopy (Cryo-SEM) analysis of 381 and 381Dppad colony biofilms grown on blood
agar plates showed that after 4 days of growth, 381Dppad cells were unable to migrate
from the colony biofilm to colonize the agar surface or form microcolonies (Fig. S3).
This assessment indicates that PPAD activity plays a key role in dispersal by determin-
ing the length of pseudofilaments and facilitating colony expansion and surface trans-
location in strain 381.

Furthermore, when strains were stabbed to the bottom of soft agar plates and
examined after 4 days, parent strain 381 migrated and attached to the polystyrene
plate at the interface of the plate and soft agar, both at the site of inoculation and at

FIG 1 Time-lapse microscopy of surface translocation by P. gingivalis strain 381 and the Dppad mutant. (a) Schematic illustration
representing sequential stages of surface translocation by reference strain 381 as recorded for more than 160 h of incubation using the
chamber slide system. (b) Frames 1a to e show the chronology of surface translocation by reference strain 381, including the hydrating
stage and the formation of moving pseudofilaments, outward spreading of the colony, and subdiffusive cell-driven motility by individual
cells that progresses to surface translocation and the formation of distal biofilms over time. Frames 2a to f represent the recordings of
disordered stages of surface translocation by strain 381Dppad. The absence of ppad resulted in the formation of a limited hydration zone
but very long pseudofilaments whose aggregation resulted in the observation of scattered biofilms and the extension of the time required
to see outward spreading of the cells and subdiffusive cell-driven motility. Scale bars: 10mm.
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distal sites, while the ppad deletion mutant did not migrate from the site of inoculation
(Fig. S4b), suggesting that the pattern of migration by the wild-type strain is influenced
by PPAD activity, consistent with our other findings (Fig. S1).

For a previous study (11), a functional copy of PPAD (PGF_00008820) was cloned
into plasmid pT-COW under the control of the low-level, constitutive P. gingivalis groES
promoter, generating plasmid pT-C8820. For overexpression analyses, pT-C8820 was
transformed into parent strain 381 (strain 381 pT-C8820). Overexpression was con-
firmed by colorimetric assay (Fig. S5a). Strain 381 pT-C8820 formed a highly dense pop-
ulation of spreading pseudofilaments in the hydrated area, unlike the parent strain
(381 pT-COW), which demonstrated a transition to attachment and biofilm formation
during the same time frame (Fig. S5d). These data correspond to a decrease in biofilm
biomass associated with 381 pT-C880 compared to 381 pT-COW (Fig. S5b). Overall,
these data support the model that PPAD expression is particularly important for the
initiation of surface translocation (i.e., the hydration stage), regulating the length of
the pseudofilaments, and the subsequent transition from pseudofilament proliferation
to surface attachment and biofilm formation in strain 381.

Transcriptomic analysis of 381 and the 381Dppadmutant. To determine if PPAD
activity alters gene expression, we performed transcriptomic analysis on RNA extracted
from cells of strains 381 and 381Dppad grown as colony biofilms on BAPHK (Northeast
Laboratory Services) for 24 h (the same growth conditions as used for cryo-SEM
imaging). The data in Fig. 2 (see also Table S1 in the supplemental material) represent
differential gene expression (false-discovery-rate [q] value, 0.01) analyzed using two
different programs: “Rockhopper” (19) and “Degust Web tool” (20). Transcriptomic
comparison showed that only a few genomic regions were significantly downregulated
in the absence of ppad. One such downregulated region was comprised of genes
PGN_0254 to PGN_0258, which encode N-carbamoylputrescine amidohydrolase and

FIG 2 RNA-Seq analysis of strain 381 and strain 381Dppad translocating cells. (Upper panel) Differential
gene expression in ppad deletion mutant compared with wild type (Wt) during surface translocation. FDR,
false-discovery rate. (Lower panel) Downregulated genes are numbered and illustrated in operonic
organizations. 3 hyd, gene for N carbamoylputrescine amidohydrolase; 4 agdi, gene for agmatine
deiminase; 8 pgk, gene for phosphoglycerate kinase; 9 pepck, gene for phosphoenolpyruvate
carboxykinase; 10 rho, gene for transcription termination factor Rho; 12 ftcd, gene for formimino-
transferase-cyclodeaminase; 13 hutI, gene for imidazolonepropionase; 14 hagB, gene for HagB
hemagglutinin protein; 15 hagC, gene for HagC hemagglutinin protein.
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agmatine deiminase (polyamine biosynthesis pathway), and parA and parB (putatively
mediating cell division-dependent genome segregation) (.2-fold; q value, 0.01) (Fig.
2). This was concomitant with downregulation of hemagglutinin genes hagB and hagC
(.2-fold; q value, 0.01) in the ppad mutant (Fig. 2). In addition, the majority of upreg-
ulated genes in the 381Dppad mutant (.2-fold; q value, 0.01) encoded Arg-tRNA and
various hypothetical peptides that are distributed in the genome of P. gingivalis but
whose functions remain unknown (Fig. 2, upper panel).

Additional experiments were run to verify transcriptome sequencing (RNA-Seq)
findings of interest. Quantitative reverse transcriptase PCR (RT-qPCR) and hemaggluti-
nation assays were performed on RNA and cells from colony biofilms, respectively. N-
carbamoylputrescine amidohydrolase, agmatine deiminase, hemagglutinins, and PPAD
were all verified to be transcribed at lower levels in 381Dppad mutant colony biofilms
than in strain 381 colony biofilms (Fig. S6a). The hemagglutination assay showed that
the 381Dppad mutant exhibited a complete loss of hemagglutination at a dilution of
1:32, while strain 381 exhibited a complete loss of hemagglutination at a dilution of
1:128 (Fig. S6b). Therefore, the 381Dppad mutant showed less hemagglutination than
strain 381, supporting the RNA-Seq data suggesting the presence of fewer hemaggluti-
nins on the cell surface. These findings support the model that genes differentially

FIG 3 Deletion of ppad alters arginine metabolism. (a to e) Targeted metabolomics of intracellular and extracellular arginine and arginine-derived metabolites (a),
citrulline (b), agmatine (c), putrescine (d), and spermidine (e). Strain 381 catabolizes arginine and produces measurable quantities of citrulline and spermidine.
Strain 381Dppad cannot produce citrulline and instead catabolizes arginine more slowly, resulting in increased arginine availability and increased intracellular
agmatine and spermidine levels. Data represent averages of results from three replicates. Error bars represent standard deviations. The data were analyzed by
two-way analysis of variance (ANOVA) with Tukey’s multiple-comparison test using GraphPad Prism version 8.0.1. *, P, 0.05. (f) Summary of RNA-Seq
and metabolomics results pertaining to arginine metabolism in the 381Dppad mutant.
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expressed in the 381Dppad mutant correspond to lower levels of surface translocation
and higher levels of biofilm formation.

PPAD determines the availability of free arginine and arginine metabolism
during surface translocation. As mentioned above, our transcriptomic analysis pro-
vided some insights into the correlation of PPAD function and the regulation of some
genes in the pathway of arginine metabolism, specifically, the biosynthesis of
polyamines. Importantly, we previously confirmed that PPAD accounts for all of the
arginine deiminase activity in strain 381 (11). In order to understand the mechanism
underlying the observed correlation, a metabolomic analysis targeting absolute quanti-
fication of arginine-derived metabolites was performed on the metabolomes of 381
and 381Dppad translocating cells, the extracellular milieu of surface translocating cells,
and a medium-only (BAPHK) control. There was significantly more arginine in the me-
dium control than in the extracellular milieu of 381 or 381Dppad samples, indicating
that the translocating cells transported and used arginine from the environment (Fig.
3a). However, the 381Dppad samples contained ;2 times more extracellular arginine
and ;48 times more intracellular arginine than the 381 samples (Fig. 3a). In fact, intra-
cellular arginine was almost completely exhausted or depleted in translocating 381
samples at the time point tested (Fig. 3a). Therefore, deleting ppad appears to slow ar-
ginine metabolism. There was little to no citrulline in the control, indicating that any
citrulline present in the experimental samples was produced by P. gingivalis (Fig. 3b).
As expected, there was no citrulline produced by the 381Dppad mutant as there was
no statistically significant difference between the level of citrulline in the 381Dppad
samples and that seen with the control (Fig. 3b). On the other hand, strain 381, which
still secreted PPAD, produced both extracellular and intracellular citrulline (Fig. 3b).
With respect to the arginine-derived polyamines agmatine, putrescine, and spermidine,
parent strain 381 accumulated only the end product spermidine intracellularly, which
is in agreement with previous findings (Fig. 3c to e) (13). Although strain 381Dppad
similarly did not accumulate putrescine, it accumulated both intracellular agmatine
and spermidine (Fig. 3c to e); these data support the results of the RNA-Seq and RT-
qPCR analyses, which showed less transcription of agmatine deiminase in 381Dppad
samples (Fig. 2; see also Fig. S6a). Strain 381 and the 381Dppad mutant had the same
levels of extracellular spermidine, but the 381Dppad mutant had ;2 times more intra-
cellular spermidine than strain 381 (Fig. 3e). Overall, the 381Dppad cells contained sig-
nificantly more arginine, agmatine, and spermidine than the 381 cells. Our metabolo-
mics data indicate that deleting ppad directly impacts arginine availability and
metabolism. Rather than generating both citrulline and polyamines from arginine as in
the case of strain 381, the 381Dppad mutant can generate only polyamines from argi-
nine. As a result, arginine accumulates within 381Dppad cells, suggesting that ppad
reduces the levels of free arginine, which is central to the physiology of P. gingivalis.
Without citrullination, the presence of an excess of intracellular arginine results in
increased polyamines. Counterintuitively, the intracellular concentration of the end
product spermidine is higher in the 381Dppad mutant than in the 381 strain despite
the downregulation of upstream genes at the time points tested (Fig. 2; see also Fig.
S6a and Fig. 3e). Therefore, it is possible that an early accumulation of spermidine
results in a negative-feedback loop to downregulate upstream genes in an attempt to
regulate spermidine levels; however, a time course experiment measuring gene
expression and metabolites would be necessary to better understand this phenom-
enon. Overall, our data show that the availability of free arginine is controlled by PPAD
activity and that metabolic feedback imposed by the availability of arginine and/or ar-
ginine-derived metabolites may determine the direction of arginine metabolism in P.
gingivalis toward citrulline production or polyamine biosynthesis.

PPAD modulates the rate of substrate proteolysis. As previously reported, the
ability of P. gingivalis to generate a zone of hydration is central to the bacterium’s abil-
ity to translocate. This stage is the initial reduction of surface tension via protein hydro-
lysis (4). Gingipains are the predominant proteases in P. gingivalis, and they play a criti-
cal role in hydrolysis and hemolysis. Previously, Moradali et al. posited that the
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secretion of proteases and protein-modifying enzymes (e.g., gingipains and PPAD) is
necessary for conditioning the surface as they may release hygroscopic amino acids
that act as wetting agents (4). Furthermore, Vermilyea et al. showed that the 381Dppad
mutant has less Rgp (Arg-gingipain) enzymatic activity in supernatant fractions due to
retention or accumulation of gingipains within the biofilm matrix (11). Since we have
shown that the 381Dppad mutant forms an enhanced biofilm and produces a limited
hydration zone at the initial stage of surface translocation, we hypothesized that delet-
ing ppad would impact the proteolysis of nutritional substrates and subsequent devel-
opment of a zone of hydration. To this end, we investigated potential differences in
the rate of proteolysis and consequent dispersion of proteolyzed protein between
strain 381 and the 381Dppad mutant by evaluating the utilization of bovine serum al-
bumin (BSA). Previously, we did not observe differences in growth between strain 381
and the 381Dppad mutant using rich medium (THBHK) or minimal medium (chemically
defined medium supplemented with 1% tryptone [CDM-T]) that contained peptides
readily utilized by P. gingivalis (11). When P. gingivalis was grown in 1% native BSA, the
381Dppad mutant exhibited a slight defect in growth, indicating that PPAD positively
correlates with nutritional uptake (Fig. S7a). Further, a denatured form of BSA was incu-
bated with strain 381 or the 381Dppad mutant for 0, 24, or 48 h in assay buffer and
subjected to SDS-PAGE analysis to investigate degradation patterns using fluorescent
detection of proteins in Mini-Protean TGX Stain-Free protein gels and silver-stained
gels. Fluorescent detection showed that both strain 381 and the 381Dppad mutant
generated a major band at the expected size of intact denatured BSA (;66 kDa) and
one major degradation product just below the full-length BSA (Fig. 4a). Over time,
strain 381 generated bands of degradation product that were more intense than those
generated by the 381Dppad mutant while the band of full-length BSA became weaker
(Fig. 4a). Silver-stained gels showed the same overall pattern as Stain-Free gels, but the
higher sensitivity further showed greater accumulation of low-weight degradation
products (;10 kDa) in the strain 381 samples than in the mutant samples (Fig. 4b). This
analysis indicates that PPAD plays an important role in determining the rate of protein
degradation. We further investigated the interplay of protein conformation and PPAD
function by testing the rate of native BSA degradation. Once again, the 381Dppad mu-
tant degraded native BSA more slowly than strain 381 did, but both strain 381 and the
381Dppad mutant took longer to degrade native BSA than denatured BSA (Fig. 4c and
d). Analysis of both denatured and native forms of BSA showed that the 381Dppadmu-
tant was, as expected, unable to citrullinate any of the substrates whereas the parent
strain citrullinated both denatured and native BSA, which may increase the efficacy of
degradation (Fig. S7b). Taken together, these findings show that the 381Dppad mu-
tant, which is unable to citrullinate substrates and its own proteins, demonstrated
reduced proteolytic activity, which in turn made the 381Dppad mutant less effective at
degrading proteins for nutrients and less effective at generating a zone of hydration to
initiate translocation.

PPAD promotes the biogenesis of outer membrane vesicles and biopearling of
vesicle chains and tubes. In P. gingivalis, key virulence factors such as PPAD, gingi-
pains, and adhesins are outer membrane-associated proteins secreted by the T9SS.
These outer membrane-associated virulence factors are also dispersed into the sur-
roundings upon the biogenesis and release of OMVs. Therefore, OMVs, which originate
from the outer membrane through an as-yet-unknown mechanism, are heavily loaded
with T9SS cargo proteins. Previous findings demonstrated that PPAD citrullinated sur-
face- and OMV-associated proteins, including gingipain-derived adhesins, whereas
PPAD absence resulted in less gingipain activity in supernatant fractions and formation
of a copious amounts of cell-associated protein aggregates (11, 21). Given our findings
showing that the 381Dppad mutant is deficient in the rate of proteolysis and forms a
limited zone of hydration during the initial stage of surface translocation, we hypothe-
sized that the secretion of T9SS cargo proteins via OMVs is impacted in the absence of
PPAD. To test this hypothesis, we generated crude OMV preparations from planktonic
cultures (500ml) of strain 381 and the 381Dppad mutant. The crude preparations were
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used in order to minimize manipulation of the culture and thereby best compare and
contrast the quantities and size distribution of OMVs produced by the two strains.
During OMV preparation, no visible macroscopic pellet was produced by the 381Dppad
mutant, while the parent strain produced a visible pellet, as usual. After suspension of
the ultracentrifuged pellets, nanoparticle tracking analysis (NanoSight) was performed
to evaluate size distribution. The particle size distribution pattern of the 381Dppad
preparation was distinct from that of the 381 preparation. NanoSight analysis of the
381Dppad crude OMV preparation showed a predominant peak around 100 nm and an
average particle size of 138.66 1.2 nm (F5/AQ:C Fig. 5a). NanoSight analysis of the 381 crude
OMV preparation showed a wider particle size range, with a predominant peak around
200 nm and an average particle size of 233.16 2.0 nm (Fig. 5a). Furthermore,

FIG 4 Deleting ppad delays the degradation of BSA. Strains 381 and 381Dppad were incubated in buffer with 1%
denatured BSA (D. BSA) (a and b) or 1% native BSA (N. BSA) (c and d). Samples were taken at 0 h, 24 h, and 48 h.
Samples were centrifuged to remove bacterial cells and then run on 12% Mini-Protean TGX Stain-Free protein gels (Bio-
Rad). The Stain-Free gels were imaged directly (a and c) or by silver staining (b and d) using a ChemiDoc imaging system
(Bio-Rad). (a) Strain 381 generated more-intense bands of degradation product than the 381Dppad mutant over time,
while the band of full-length BSA became weaker. (b) Silver-stained gels showed the same overall pattern as the Stain-
Free gels, but the higher sensitivity further showed greater accumulation of low-weight (;10-kDa) degradation products
in the strain 381 samples than in the mutant samples. (c and d) The 381Dppad mutant degraded native BSA more slowly
than 381, but strain 381 and the 381Dppad mutant both took longer to degrade native BSA than denatured BSA.
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comparing the concentrations of particles of the predominant peaks alone, strain 381
produced ;3 times more particles than the 381Dppad mutant (Fig. 5a). Overall,
NanoSight analysis showed that the ppad mutant generated particles that were fewer
and smaller than those produced by the parent strain. Further, Cryo-SEM imaging of

FIG 5 Deletion of ppad inhibits OMV biogenesis and release. (a) NanoSight analysis of crude OMV preparations from 381 and 381Dppad planktonic
cultures. The 381Dppad mutant produced OMVs that were fewer and smaller in size than those produced by strain 381. (b) Cryo-SEM imaging of colony
biofilms showed that the 381 ppad mutant produced few to no OMVs within the biofilm matrix compared to the parent strain. (Inlay) Magnified section of
micrograph. Scale bar: 2mm. (c) Formation of biopearling assemblies by strain 381. SEM imaging of fixed content of the hydration zone showed that
strain 381 formed biopearling assemblies (yellow arrows) via connecting membrane protrusions and large-size OMVs (red arrows) under surface
translocation conditions. Deletion of ppad resulted in production of few small-sized OMVs (pink arrows) and in inhibition of biogenesis of large-size OMVs
and biopearling assemblies. (Inlay) Magnified section of micrograph. Scale bar: 3mm.
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fixed colony biofilms showed that the 381Dppad mutant produced few to no OMVs
in the biofilm matrix compared to the wild-type strains (Fig. 5b). Finally, SEM imag-
ing of the fixed content of the hydration zone during surface translocation showed
that the wild-type cells produced larger numbers of membrane protrusions and
OMVs which connected to each other and formed long chains of OMVs, also known
as biopearling assemblies (22), which not only connected distant cells to each
other but also increased surface-to-volume ratios for optimal nutrient uptake (Fig.
5c). In contrast, the 381Dppad mutant was defective in the production of mem-
brane protrusions, large-sized OMVs, and the biopearling assemblies under surface
translocation conditions (Fig. 5c). Taken together, our findings show that secretion
of enzymatically active PPAD positively impacts the biogenesis of OMVs in P.
gingivalis.

DISCUSSION

The role of PPAD in the basic physiology of P. gingivalis has remained enigmatic
until recently. Our previous work showed that when PPAD is active, this limits P. gingi-
valis strain 381 biofilm development, specifically, the accretion of cells and proteins
within the biofilm matrix (11). We now know that P. gingivalis strain 381 is capable of a
unique type of surface migration that allows cells to translocate along an interface and
that ppad is more extensively transcribed during this process (4). Here, we further
advanced our understanding of the mechanisms involved in P. gingivalis surface trans-
location. The data indicate that PPAD activity positively regulates OMV biogenesis and
constrains biofilm development while promoting the early stages of migration.
Importantly, since the substrate for PPAD is arginine, deletion of ppad resulted in
increased arginine levels and a subsequent increase in the levels of intracellular sper-
midine. Overall, the data support our model that PPAD impacts the transition between
sessile growth and surface translocation by modulating OMV-mediated proteolysis and
arginine metabolism (Fig. 6).

Proteases such as arginine gingipains (RgpA/B) are important for generating

FIG 6 Proposed working model describing the biological role of P. gingivalis PPAD enzyme. The secretion of PPAD enzyme regulates
the availability of free arginine and citrullinate surface proteins. These events are required for the optimal metabolism of arginine
and arginine-derived metabolites (e.g., polyamines) and for optimal distribution and secretion of surface proteins, including
proteases, particularly via facilitating biogenesis and/or secretion of OMVs. Consequently, optimal release of proteases and PPAD
regulates the rate of protein digestion and nutrient release and facilitates the release of wetting agents and the formation of the
hydration zone required for surface translocation. Also, metabolic-feedback loops of arginine metabolism regulate normal cell
division and formation of pseudofilaments during surface translocation via regulating par loci.
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peptides containing arginine residues, in particular, arginine residues located at the C
terminus of peptides, which PPAD can then citrullinate (23, 24). Our previous study
showed that there was less Rgp activity in the supernates of 381Dppad cultures, indi-
cating less secretion of gingipains (11). In the current study, we showed that deleting
ppad decreased overall proteolytic activity (Fig. 4) and lowered the degree of hemag-
glutination (see Fig. S6b in the supplemental material), two characteristics that are criti-
cal in regard to surface translocation, optimal modification of the surroundings, and
development of a zone of hydration. The hydration stage is characterized by protease-
mediated hydrolysis of protein substrates and accumulation of hygroscopic amino
acids and citrulline (4). Unlike P. gingivalis strain W50, which was shown previously to
still produce citrulline when PPAD was deleted (25), we have determined that the
381Dppad mutant lacks the ability to generate citrulline (11) and has a limited ability
to generate a hydration zone within 24 h of incubation compared to its parent strain
(Fig. S1). Those data further support our previous notion that cumulative actions of
PPAD and proteases indicate a P. gingivalis natural moisturizing mechanism that is phy-
logenetically similar to those described in mammalian systems (4, 26–29). Therefore,
we propose that PPAD promotes lifestyle transition by contributing to the release of
wetting agents underlying a hydrating mechanism and reduction of surface tension in
various biological systems.

One of the most intriguing findings from this study was production of biopearling
assemblies of OMVs and membrane protrusions by strain 381 and the defect in OMV
and biopearling biogenesis mediated by the PPAD mutant. OMVs play key roles in cell
communication, modification of the surroundings, facilitation of the transfer of cargo
substances, biofilm formation, and host-pathogen interactions (30–32). Recent publica-
tions have shown that membrane morphogenic processes mediated by marine flavo-
bacterium species (phylogenetically related to P. gingivalis) lead to protrusion of tubes
and OMVs, which then can be transformed into chains of interconnected vesicles or
biopearling (22). It has been proposed that biopearling assemblies increase surface-to-
volume ratios of the cells and are optimal biological platforms for presentation of a
large amount of T9SS and various hydrolyzing enzymes for maximizing nutrient uptake
under specific conditions (22). The notion of a link between the T9SS and OMV biogen-
esis is also supported by our recent discovery that a 381 ppGpp-null mutant was defec-
tive in production of OMVs and synthesis of OMV-associated T9SS proteins (33). Also, it
has been shown that numerous proteins carried on P. gingivalis OMVs can be citrulli-
nated (21). The data presented in this study show that when strain 381 cannot citrulli-
nate peptides and/or proteins (Dppad mutant), the strain is deficient in OMV and bio-
pearling biogenesis (Fig. 5); hence, it is tempting to speculate that citrullination of cell
surface or cell wall proteins may be linked to OMV production and subsequent bio-
pearling. This model is supported by a recent report showing that OMV/MV release by
Escherichia coli and Staphylococcus aureus can be regulated by deimination/citrullina-
tion by mammalian PADs (34) and that arginine residues within the adhesin domain of
the gingipains (Kgp and Rgp), which are carried on OMVs, can be citrullinated (11).
That being said, studies have shown that while there are data suggesting that PPAD
can citrullinate arginine residues within proteins (11, 17, 24, 35), detailed studies have
determined that PPAD preferentially citrullinates C-terminal arginine residues of pep-
tides (36); hence, whether PPAD has the ability to directly citrullinate proteins, like the
mammalian PADs, is not clear. Since polyamines are key regulatory compounds, an
indirect effect of PPAD activity on polyamine biosynthesis may also impact OMV bio-
genesis. Studies are ongoing to determine the underlying mechanism linking PPAD ac-
tivity and OMV biogenesis.

RNA-Seq analysis showed that the N-carbamoylputrescine amidohydrolase gene,
the agmatine deiminase gene, parA/parB, and hagB and/or hagC (duplicated gene)
were all downregulated in 381Dppad cells (Fig. 2). N-Carbamoylputrescine amidohy-
drolase and agmatine deiminase are two enzymes in the CASDH/CASDC polyamine
biosynthesis pathway which results in the production of spermidine in P. gingivalis
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(Fig. 3f) (12, 13). However, the role of polyamines such as spermidine in P. gingivalis
physiology is not clear. Spermidine regulates several processes in bacteria such as
growth, biofilm formation, and swarming motility (15). Polyamines are able to modu-
late various processes, in part, because they are positively charged, which allows them
to bind to nucleic acids, influencing characteristics such as DNA condensation and
gene expression (37). Here, we show that deletion of ppad impacts development of a
hydration zone and that arginine, agmatine, and spermidine levels are higher in
381Dppad cells, which are unable to produce citrulline or translocate effectively.
Therefore, accumulation of polyamines such as spermidine can be a way for P. gingiva-
lis to sense and respond to extracellular and/or intracellular arginine levels and to regu-
late the transition between surface translocation and biofilm formation.

As noted above, genes predicted to encode ParA (PGN_0255) and ParB (PGN_0254)
were downregulated in the ppad deletion mutant. In many bacterial species, homologs
to these genes (48% and 41% identity to Mycobacterium smegmatis parA and parB,
respectively) coordinate chromosome segregation with cell elongation and division
(38). The downregulation of parA and parB is consistent with our time-lapse imaging of
surface translocating cells, which demonstrated that the ppad deletion mutant formed
longer pseudofilaments than the parent strain. Therefore, we propose that the down-
regulation of the putative parA and parB genes may cause insufficient or impaired ge-
nome segregation between dividing cells, favoring the formation of longer cellular
chains, and that cellular levels of arginine and/or arginine-derived metabolites may
play a regulatory role in genome segregation. In addition, it was previously shown that
cooperative and collective cell-on-cell rolling induced a specific movement to the
pseudofilament structures, resulting in forward displacements within the hydrated
area, resembling a wriggling motion (4). Therefore, another mechanism that may
impact the length of the filaments is a defect in cell-on-cell rolling. Although we
observed that this type of movement was reduced, it was not consistent or clear if for-
mation of longer filaments caused less movement or if the reduction in the level of
movement was the result of the longer cellular structures. Hence, it is not yet clear if
PPAD plays a role in this cell-on-cell rolling.

As for hagB and hagC, these two genes encode identical hemagglutinins which are
outer membrane proteins that bind red blood cells, leading to hemagglutination,
which in turn facilitates iron acquisition and heme accumulation on the cell surface
(39). Therefore, downregulation of hemagglutinins helps to explain the delayed pig-
mentation phenotype in the ppad deletion mutant as observed by our group and
others (11, 40). HagB and HagC are also important for biofilm formation and attach-
ment to host cells (41–43). Given the enhanced biofilm phenotype of the 381Dppad
mutant, lower expression of hagB and hagC is counterintuitive; however, the 381Dppad
mutant still produces the long fimbriae, the short fimbriae, and gingipain-derived
hemagglutinins and adhesins, as well as other Hag proteins, all of which play a role in
biofilm development. Additionally, Hag-deficient mutants have been shown to com-
pensate by upregulating gingipains RgpA and Kgp (41). RgpA and Kgp were not upreg-
ulated in the 381Dppad mutant, but Rgp and Kgp activity is higher in 381Dppad bio-
films (11). Therefore, downregulation of Hag proteins may be linked to the
accumulation of gingipains in 381Dppad biofilms. Furthermore, the downregulation of
hagB and/or hagC may help to explain differences in P. gingivalis attachment and inva-
sion of host cells. Specifically, a ppad deletion mutant in fimbriated strain 33277 was
shown to attach to and invade gingival fibroblasts less than the parent strain (44).

As periodontal disease progresses, P. gingivalis and OMV-associated virulence fac-
tors (e.g., PPAD and gingipains) may disseminate through the bloodstream, which may
explain frequently reported correlations between P. gingivalis and systemic diseases.
The study of P. gingivalis and PPAD function has specifically been linked to the devel-
opment and/or progression of rheumatoid arthritis, while the study of P. gingivalis and
gingipains has gained notoriety recently due to a reported link to Alzheimer’s disease
(45–47). Therefore, our findings showing that PPAD activity impacts either directly or
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indirectly the release of gingipain-containing OMVs and gingipain-mediated proteoly-
sis may make PPAD an appealing therapeutic target for not only rheumatoid arthritis
but other systemic diseases such as Alzheimer’s disease. In conclusion, the results of
our study demonstrate that PPAD impacts key features of P. gingivalis physiology,
including proteolysis, OMV biogenesis, biofilm formation, and surface translocation.

MATERIALS ANDMETHODS
Bacterial strains and culture conditions. The bacterial strains used in this study are listed in Table

S2 in the supplemental material. P. gingivalis strains and derivatives were grown on Trypticase soy agar
plates supplemented with 5mg ml21 hemin, 1mg ml21 menadione, and 5% defibrinated sheep blood
(BAPHK) (Northeast Laboratory Services) at 37°C in an anaerobic chamber (Coy Lab Products) with an
atmosphere containing 5% hydrogen, 10% carbon dioxide, and 85% nitrogen. Planktonic cultures of P.
gingivalis were grown in Todd-Hewitt broth (Becton, Dickinson and Company), or in Trypticase soy broth
(Becton, Dickinson and Company) where indicated, supplemented with 5mg ml21 hemin and 1mg ml21

menadione (THBHK or TSBHK, respectively). P. gingivalis deletion mutants were verified out of the freezer
stock by supplementing media with 10mg ml21 erythromycin and were then regrown on plates or in
broth without antibiotics for all subsequent assays. For P. gingivalis strains grown as colony biofilms, P.
gingivalis was grown anaerobically in THBHK for 24 h at 37°C, subcultured into prereduced THBHK, and
grown overnight. Cultures were diluted to an optical density at 600 nm (OD600) of 1.0 and diluted 1:10,
and then aliquots (10ml) were spotted onto BAPHK. Plates were grown anaerobically for 4 to 6 days.

Construction and complementation of PPAD mutant strain. Deletion and replacement of the
entire coding region of the gene encoding PPAD (PGF_00008820) with ermF were performed for a previ-
ous study (11). Complementation of the PPAD deletion mutant (D8820) in trans was verified by inserting
a functional copy of PGF_00008820 into plasmid pT-COW under the control of the low-level, constitutive
P. gingivalis groES promoter, generating plasmid pT-C8820 (11). Plasmid pT-C8820 was transformed into
the D8820 mutant by electroporation. For control strains, plasmid pT-COW was transformed into both
parent strain 381 and the D8820 mutant by electroporation.

PPAD enzymatic activity. Stationary-phase cultures were diluted to the same OD600, and the PPAD
enzymatic activity assay was set up in a 96-well PCR plate (Bio-Rad Laboratories, Inc.) and performed as
previously described (48). In brief, 10ml of culture was added to 35ml of incubation buffer (0.1 M Tris-
HCl buffer [pH 7.5], 5mM dithiothreitol [DTT]) for experimental wells or to 40ml of incubation buffer for
control wells. A 5-ml volume of substrate (BAEE [Na-benzoyl-L-arginine ethyl ester hydrochloride], dena-
tured BSA, or native BSA) was added to each experimental well to reach a final concentration of 5mM. A
5-ml volume of substrate was added to 45ml of incubation buffer for substrate-only controls. The plate
was incubated at 37°C in a thermocycler for 30min. A 150-ml volume of freshly prepared citrulline detec-
tion reagent {1 volume of solution A [80mM 2,3-butanedione monoxime and 2mM thiosemicarbazide]
and 3 volumes of solution B [3 M H3PO4, 6 M H2SO4, and 2mM NH4Fe(SO4)2·12·H2O]} was added to each
well, and then the plate was incubated at 95°C in a thermocycler for 15min. The samples were then
transferred to a 96-well flat-bottom plate (Corning, Inc.), and enzymatically produced citrulline was
detected at an absorbance of 540 nm.

Biofilm assay. Biofilm assays in uncoated 96-well polystyrene plates were performed in a chemically
defined medium supplemented with 1% tryptone (CDM-T) as previously described (49). In brief, P. gingi-
valis was grown for 24 h in THBHK. Cultures were suspended and then diluted to an OD600 of 0.2 in
CDM-T. A 200-ml volume was added to each well of a 96-well flat-bottom plate. Plates were then incu-
bated for 24 h under anaerobic conditions. Plates were then washed twice by immersion in deionized
water and dried. Biomass was then stained with 100ml 0.1% safranin for 15min. Plates were washed
twice by immersion in deionized water and dried. Safranin was solubilized in 200ml 90% ethanol
(EtOH)–1% SDS for 15min. A 150-ml volume of solubilized safranin was transferred to a new 96-well
plate. Absorbance was measured at 492 nm.

Time-lapse microscopy imaging. Time-lapse microscopy of translocating cells was performed as
previously described (4). In brief, chamber slides were filled with soft agar medium (Todd-Hewitt broth–
0.3% agar) and the medium was allowed to solidify. A coverslip inoculated with a tiny dot of cells at the
center was inverted and placed onto the chamber filled with medium and mounted with nail polish.
Imaging was performed at the interface of agar medium and coverslip. Phase-contrast microscopy and
time-lapse imaging were performed using an inverted Nikon Eclipse Ti microscope system (Nikon,
Tokyo, Japan) equipped with a motorized stage (Nikon), an Andor Zyla 5.5 scientific complementary
metal oxide semiconductor (sCMOS) camera, a Perfect Focus system, and automated controls (NIS-
Elements; Nikon). The microscope was located inside a Coy anaerobic chamber under the conditions
described above. Using a Nikon 100� 1.40-numerical-aperture (NA) lens objective, surface translocation
was monitored and recorded every minute for 7 to 10 days and every 15 ms for 2 to 3min for recording
fast movements.

Macroscopic visualization of surface translocation and zone of hydration. To macroscopically
visualize surface translocation at the interface of the polystyrene plate and soft agar layer, P. gingivalis
was stabbed through a soft agar layer of BAPHK in order to deposit cells at the bottom of the plate on
the polystyrene plate surface, as previously described (4). At least three replicates were used for each set
of samples.

Cryo-SEM of colony biofilms. Electron microscopy and image analysis were performed by staff
members of the Electron Microscopy Core of the Interdisciplinary Center for Biotechnology Research
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(ICBR) at the University of Florida (UF). Cryo-SEM experiments were performed using a Quorum PP3010T
cryotransfer system (Quorum Technologies, Electron Microscopy Sciences) attached to a Hitachi
SU5000FE variable-pressure scanning electron microscope (VP-SEM) (Hitachi High Technologies, USA).
Samples were transported to the UF ICBR EM Core under anaerobic conditions using AnaeroPack sachets
(Thermo Scientific) inside Kapak SealPAK pouches (VWR) and were then heat sealed. Colonies were im-
mediately fixed by immersion with 4% formaldehyde–1% glutaraldehyde–0.1M cacodylate buffer (pH
7.24) and kept at 4°C overnight. Samples were prepared for Cryo-SEM by removal of the colony biofilm
from the blood agar substrate with a no. 11 scalpel and mounted onto a specimen shuttle containing a
carbon adhesive tab (Electron Microscopy Sciences) on an aluminum stub. The sample containing the
shuttle was attached to a PrepDek workstation transfer rod device, plunged frozen into liquid nitrogen
slush at2210°C under vacuum conditions, and quickly transferred to the Cryo-prep chamber. To remove
any condensed ice from the surface gained during transfer, the sample temperature was raised to
295°C and the sample was sublimed for 10 min. To avoid charging artifacts and to render the sample
conductive, a thin layer of platinum was sputter coated for 60 s at 10mA current in an argon atmosphere
at 295°C. The Cryo-prep chamber was returned to 2195°C and to a vacuum greater than 1,000 to
500 Pa and transferred to the nitrogen gas-cooled cold stage inside the SEM chamber. The sample
remained frozen during the imaging at 2195°C under high-vacuum conditions that included 5 to 6 keV,
current emission of 176,000 nA, and a working distance of between 5 and 10mm.

SEM of surface translocating cells. Imaging of surface translocating cells was performed by SEM.
The P. gingivalis parent strain or the Dppad mutant growing under surface translocation conditions was
prepared as described previously (4). After removal of the soft agar layer, 20ml of phosphate-buffered
saline (PBS) was added to the surrounding area of an outwardly spreading colony to collect surface
translocating cells and transferred onto the surface of an Isopore 100-nm-pore-size polycarbonate filter
(Millipore, Burlington, MA) pretreated with poly-L-lysine (Sigma) (0.01% in water). The filter paper was
left to be partly air dried and was then laid on top of a filter pad (by stacking multiple layers of normal
filter papers) soaked with fixative solution in a small petri dish to allow diffusion of fixative buffer to the
sample. Subsequent 0.1 M cacodylate washes, a graded ethanol series dehydration, and drying with hex-
amethyldisilazane (Electron Microscopy Sciences, Hatfield, PA) were carried out by changing the filter
pad beneath the sample-containing polycarbonate filter. The dried sample was mounted onto a carbon
adhesive tab on an aluminum stub and sputter coated with Au/Pd in an argon-filled chamber (DeskV;
Denton Vacuum, Moorestown, NJ) and examined, and digital micrographs were acquired with a
field-emission scanning electron microscope (SU-5000; Hitachi High Technologies, America, Inc.,
Schaumburg, IL).

Proteolytic activity. P. gingivalis was grown in TSBHK overnight. Samples were diluted to an OD600

of 0.3 in basal salt (BS) buffer (14mM Na2HPO4, 10mM KCl, 10mM MgCl2, pH 7.3) plus cysteine. Samples
were centrifuged at 4,255� g for 20min at 4°C. Supernatants were decanted, and the pellets were resus-
pended in BS buffer to a final OD600 of 0.3. A 950-ml volume of P. gingivalis was added to 50ml of 20%
BSA–BS buffer–cysteine. An aliquot was immediately removed and centrifuged to remove bacterial cells
(0 h). The remaining sample was incubated at 37°C with shaking. Aliquots were removed at 24 h and
48 h and centrifuged to remove bacterial cells. Samples were diluted 1:32 in Laemmli buffer (Bio-Rad)
and heated at 95°C for 5 min. Ten microliters was loaded loaded per well of 12% Mini-Protean TGX
Stain-Free protein gels (Bio-Rad). The gels were run at 150 V until the samples reached the bottom of
the gels. The Stain-Free gels were imaged directly or after silver staining using a ChemiDoc imaging
system (Bio-Rad).

Quantification of OMVs. For OMV isolation, P. gingivalis was grown in TSBHK to late exponential
phase (OD600 of 1.0). Cells were removed by centrifugation at 8,000� g for 30min at 4°C. The collected
supernatant (500ml) was filtered through a 0.22-mm-pore-size filter and then concentrated through a
100-kDa filter using a Minimate tangential-flow filtration (TFF) system (Pall Life Sciences, Victoria,
Australia) according to the manufacturer’s instructions. The collected concentrate was centrifuged at
100,000� g for 2 h at 4°C to yield a crude OMV preparation. The pellet was then resuspended in 800ml
HEPES buffer (50mM HEPES, 150mM NaCl, pH 6.8). The size distribution and concentration of particles
in the OMV preparations were determined using a Malvern NanoSight NS300 instrument.

RNA-Seq. RNA extraction for RNA-seq and RT-qPCR analyses were performed in the anaerobic cham-
ber to avoid aerobic stress using a Direct-zol RNA miniprep kit (Zymo Research) as previously described
(4, 50, 51). Downstream processing for preparing RNA samples was conducted at the Gene Expression &
Genotyping Core of the Interdisciplinary Center for Biotechnology Research (ICBR), University of Florida.
Quality control (QC) of RNA samples was performed using a Qubit 2.0 fluorometer, and RNA quality was
assessed by applying an Agilent 2100 bioanalyzer. RNA-Seq library construction was performed for sam-
ples with calculated values of 28S/18S ratios greater than 1.0 and RNA integrity number (RIN) equal or
greater than 7.0. Ribosomal RNAs (rRNAs) were eliminated from 600ng of total RNA using an Illumina
Ribo-Zero magnetic kit for bacterial RNA according to the manufacturer’s protocol. Yielded depleted
RNAs were used for library construction by utilizing a NEBNext Ultra RNA library prep kit for Illumina and
according to the manufacturer's user guide. Briefly, 5ml of purified product was fragmented using the
first-strand synthesis reaction buffer mix by heating at 94°C for 8min followed by first-strand cDNA syn-
thesis using reverse transcriptase and random primers. Synthesis of double-stranded cDNA was con-
ducted using the second-strand master mix provided in the kit. The resulting cDNA was end repaired,
subjected to dA tailing, and ligated with NEBNext adaptors. Finally, the library was enriched by PCR
amplification and purified by the use of an Agencourt AMPure XP system (Beckman Coulter). For the
quality control of the library and pooling, barcoded libraries were sized on the bioanalyzer and then
quantitated by the use of Qubit assay kits (Invitrogen). Typically, a 200-to-1,000 broad library peak value
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was observed. Quantitative PCR was used to validate the library's functionality, using Kapa library
quantification kits for Illumina platforms (Kapa Biosystems, catalog no. KK4824). All samples were sub-
jected to equimolar pooling for one lane of a HiSeq 3000 run of 2� 100 cycles. Sequencing was per-
formed on the Illumina HiSeq 3000 system instrument using the clustering and sequencing reagents
provided by Illumina. Paired-end runs of 2� 100 cycles required the adding together of reagents from
the 150-cycle and the 50-cycle kits (catalog no. FC-410-1002, FC-410-1001, and PE-410-1001).
Sequencing reactions were set up using 5ml of the library (2.5 nM). The program “Rockhopper” (19)
was used for aligning sequencing reads to the genome references (i.e., P. gingivalis 381), assembling
transcripts, identifying their boundaries and constructing transcriptome maps, quantifying transcript
abundance, data normalizing, and testing for differential gene expression (q value, 0.01). The Degust
Web tool (20) was also applied for visualizing differential gene expression. Identification of differen-
tially expressed genes and determination of operonic organization and possible cognate metabolic
and nonmetabolic cellular processes were conducted using various bioinformatics databases, includ-
ing mainly KEGG (52), BioCyc (53, 54), and the National Center for Biotechnology Information (NCBI)
databases (https://www.ncbi.nlm.nih.gov).

RT-qPCR. RNA was extracted from 1-day-old colony biofilms using a Direct-zol RNA miniprep kit
(Zymo Research). cDNA was generated from 2.5 ng RNA using RNA to cDNA EcoDry premix (Clontech).
For relative quantification of desired genes, RT-qPCR was conducted in a total volume of 20ml contain-
ing 1ml of 1:10 diluted cDNA, a 0.5 mM concentration of each primer (Table S3), 6ml of PCR-grade water,
and 10ml of 2� iQ SYBR green supermix. Amplification and detection of product were performed using
a CFX96 Touch real-time PCR detection system (Bio-Rad), and the cycling conditions were as follows:
95°C for 3min and then 39 cycles of 95°C for 20 s, 55°C for 20 s, and 72°C for 20 s. Fluorescence was
detected after each cycle. In each experiment, the target and control samples were amplified in the
same plate, and the experiments were conducted in triplicate and normalized internally using the aver-
age cycle quantification (Cq) value for the reference gene (16S). To confirm the specificity of the ampli-
fied products, automated melting curve analysis was performed. All primers used in this study are listed
in Table S3.

Hemagglutination assay. P. gingivalis was grown to an OD600 of about 1.0 in THBHK and then
diluted to 1.0 and to 1:10, and 10-ml aliquots were spotted onto BAPHK. Plates were grown for 2 days.
Colony biofilms were scraped from the plate and suspended in PBS, centrifuged, and then washed two
more times with PBS. Samples were then resuspended in PBS at an OD600 of 2.0. Defibrinated sheep
erythrocytes were centrifuged at 400� g for 5min at 4°C, washed twice with PBS, and resuspended to
2% defibrinated sheep erythrocytes–PBS. The bacterial suspensions were then diluted in a 2-fold series
with PBS, 100ml from each bacterial suspension was added to a round-bottom 96-well plate, and an
equal volume of 2% sheep erythrocyte suspension was added to the bacterial suspensions and mixed.
The plate was incubated at room temperature for 3 h.

Targeted metabolomics. P. gingivalis was stabbed to the bottom of BAPHK containing 0.3% agar
and grown anaerobically for 3 days. Blood agar was removed, and then PBS (1ml) was added to the petri
dish. Cells were collected with scraping, and samples (4 biological replicates) were pooled and centri-
fuged. Washed plates with no inoculum (medium control) were collected in the same manner. Pooled
supernatants (4 ml) were transferred to new tubes. Cell pellets were frozen and stored at 280°C.
Supernatants (extracellular milieu) were lyophilized and stored at 280°C. Overall, for each strain there
were 3 replicates for cells and 3 replicates for supernatants and each replicate included the pooled cells
or supernatants from 4 plates. Samples were delivered to the Southeast Center for Integrated
Metabolomics at the University of Florida for metabolomics analysis. The two internal standards (IS)
used in the extraction were arginine 15N2 and ornithine d7. The IS stock mix was prepared with the
resulting concentrations of arginine 15N2 (4.16mg/ml) and ornithine d7 (4.32mg/ml). The working solu-
tion was made by diluting the stock solution 1:4 for resulting concentrations of 1.04mg/ml and 1.08mg/
ml, respectively.

Cell pellets were gently suspended in 40mM ammonium formate–water. The cells were then ho-
mogenized on a BeadBeater twice for 30 s each time at 1,800 rpm in 50 ml of 5mM ammonium acetate–
water plus 10 to 20 0.7-mm-diameter zirconia beads with 10-min rests on ice between homogenization
steps. The lyophilized supernatants (approximately 10mg) were placed into 1.5-ml Eppendorf tubes. A
50-ml volume of 5mM ammonium acetate–water was added to each sample based on the previous test
and sample set and homogenized once for 30 s at 1,800 rpm on the BeadBeater with 10-min rests on ice
afterward.

Protein quantitation was performed on the QuBit fluorometer, and samples were normalized to
300mg/ml for a 25-ml extraction. All samples were extracted with 20 ml of the working IS solution and
250 ml of 80% methanol–water and incubated for 20min at 4°C. The samples were centrifuged at
20,000� g for 10min at 4°C. A 250-ml volume of supernatant was dried under nitrogen gas at 30°C and
then stored at280°C.

The samples were reconstituted in 25 ml of 0.1% formic acid–water. Samples were then analyzed on
the Thermo Q Exactive high-resolution mass spectrometer coupled to a Dionex Ultimate 3000 ultra-
high-pressure liquid chromatography system. A Red Cross plasma-positive control and an extraction
blank negative control were extracted as QCs. A neat QC was made with 1:1:3 metabolomics IS mix–
amino acid mix–0.1% formic acid–water. Four unlabeled standards (agmatine, arginine, citrulline, and or-
nithine) were made at 10mg/ml separately and vialed for analysis alongside the samples and QCs.

Data availability.We declare that the data supporting the findings of this study are available within
the paper and its supplemental material files. Raw sequencing data are available on the NCBI Sequence
Read Archive (SRA) under accession number PRJNA607521.
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