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Introduction
Porphyromonas gingivalis is a renowned oral pathogen 
(Bostanci and Belibasakis 2012). This Gram-negative bacte-
rium has been implicated in periodontitis (de Smit et al. 2011; 
Petersen and Ogawa 2012; How et al. 2016), a widespread dis-
ease of the oral cavity and one of the foremost causes of tooth 
loss worldwide (Bostanci and Belibasakis 2012; How et al. 
2016). Notably, periodontitis is a polymicrobial disease in ori-
gin resulting from dysbiotic events, or perturbations of the oral 
microbiota (Jiao et al. 2014; Lamont and Hajishengallis 2015). 
Nonetheless, P. gingivalis constitutes <0.01% of the oral 
microbiota (Hajishengallis et al. 2012). In recent years, a dif-
ferent kind of interest has befallen this bacterium as the discov-
ery of its citrullinating enzyme gave insights on the role that  
P. gingivalis seems to play in the etiology of rheumatoid arthri-
tis (RA) (Pischon et al. 2008; Detert et al. 2010; de Smit et al. 
2011; Quirke et al. 2014). This autoimmune disease has been 
associated with periodontitis (Mercado et al. 2000; Chen et al. 
2013; de Smit et al. 2015; Fuggle et al. 2016).

Recent models suggest that RA is related to a loss of toler-
ance toward citrullinated proteins (Pischon et al. 2008; Detert 
et al. 2010; Quirke et al. 2014). In this context, it is noteworthy 
that a citrullinating enzyme has been discovered in P. gingiva-
lis (Konig et al. 2014; Montgomery et al. 2016). This enzyme, 
a peptidilyarginine deiminase (PAD), converts arginine resi-
dues into citrulline residues, which may cause drastic changes 

in the conformation and immunogenicity of the citrullinated 
protein (Konig et al. 2014). PAD enzymes are commonly pres-
ent and highly conserved among mammals. In contrast, the 
PAD of P. gingivalis (in short PPAD) was thus far the only 
known prokaryotic enzyme of this type (McGraw et al. 1999; 
Konig et al. 2014). Of note, the production of PPAD is a strictly 
conserved feature of P. gingivalis (Gabarrini et al. 2015), 
where it is exported to the outer membrane and secreted into 
the host milieu. The secreted PPAD exists either in association 
with outer membrane vesicles (OMVs) or in a soluble state 
(Sato et al. 2013; Veith et al. 2014). These OMVs are nano-
structures resulting from specific blebbing processes of the 
outer membrane and contain cargo of proteins implicated in 
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Abstract
Porphyromonas gingivalis is one of the major oral pathogens implicated in the widespread inflammatory disorder periodontitis. Moreover, 
in recent years, P. gingivalis has been associated with the autoimmune disease rheumatoid arthritis. The peptidylarginine deiminase 
enzyme of P. gingivalis (PPAD) is a major virulence factor that catalyzes the citrullination of both bacterial and host proteins, potentially 
contributing to production of anticitrullinated protein antibodies. Considering that these antibodies are very specific for rheumatoid 
arthritis, PPAD appears to be a link between P. gingivalis, periodontitis, and the autoimmune disorder rheumatoid arthritis. PPAD was 
thus far considered unique among prokaryotes, with P. gingivalis being the only bacterium known to produce and secrete it. To challenge 
this hypothesis, we investigated the possible secretion of PPAD by 11 previously collected Porphyromonas isolates from a dog, 2 sheep, 3 
cats, 4 monkeys, and a jaguar with periodontitis. Our analyses uncovered the presence of secreted PPAD homologues in 8 isolates that 
were identified as Porphyromonas gulae (from a dog, monkeys, and cats) and Porphyromonas loveana (from sheep). In all 3 PPAD-producing 
Porphyromonas species, the dominant form of the secreted PPAD was associated with outer membrane vesicles, while a minor fraction 
was soluble. Our results prove for the first time that the citrullinating PPAD exoenzyme is not unique to only 1 prokaryotic species. 
Instead, we show that PPAD is produced by at least 2 other oral pathogens.
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virulence (Veith et al. 2014; Gui et al. 2015; Xie 2015). The 
outer membrane and OMV association of PPAD is probably 
facilitated through a modification with lipopolysaccharide A 
(A-LPS) (Shoji et al. 2011; Sato et al. 2013).

P. gingivalis is known to share several traits with other spe-
cies belonging to the genus Porphyromonas, each associated 
with periodontitis mainly in their own nonhuman host (Coil  
et al. 2015). Despite its high host specificity, there have been a 
few recorded cases of P. gingivalis isolated from animal hosts, 
especially beagle dogs (Madianos et al. 1994; Menard and 
Mouton 1995). Other Porphyromonas species in livestock and 
pets have barely been studied so far, and the possible expres-
sion of PPAD by any of these species aside from P. gingivalis 
has remained unnoticed. However, considering the fact that 
PPAD is implicated in severe periodontitis and RA, it would be 
important to know whether this virulence factor is conserved 
across Porphyromonas species and, if so, whether it has a simi-
lar subcellular localization. The presence of PPAD homologues 
in such species would, in fact, provide an opportunity to 
employ a wider array of animal models for studies on the role 
of this enzyme in RA in particular and the systemic effects of 
oral diseases in general. Although RA has been studied in ani-
mal models, these investigations did not address the possible 
correlation with periodontitis (Pedersen et al. 1976; Lipman  
et al. 1991; Narayan et al. 1992; Hanna 2005; Lemetayer and 
Taylor 2014; Riggio et al. 2014). In addition, the identification 
of an expanded panel of PPAD-producing Porphyromonas spe-
cies could help to shed more light on the proposed cooperativ-
ity between PPAD and the group of proteolytic enzymes 
generally referred to as gingipains. The objective of the present 
study was therefore to assess the presence of PPAD homo-
logues in Porphyromonas species isolated from different ani-
mals with periodontitis.

Materials and Methods

Bacterial Strains and Culture Conditions

A total of 11 Porphyromonas species (Appendix Table) were 
previously isolated from diverse animal hosts (dog, cats, mon-
keys, sheep, and jaguar) with periodontitis hailing from differ-
ent countries (Laliberte and Mayrand 1983; Loos et al. 1993). 
These isolates were included in the present analyses based on 
their availability. The P. gingivalis–type strains W83 and 
ATCC 33277 were used as controls, together with their respec-
tive PPAD deletion mutants (W83 ΔPAD-A, ATCC 33277 
3ΔPAD-B) (Wegner et al. 2010) . The P. gingivalis clinical iso-
late 20664 was collected in Groningen, the Netherlands, from 
a patient with severe periodontitis. Each strain was cultivated 
anaerobically for 4 d in brain heart infusion (BHI) broth as 
previously described (Stobernack et al. 2016).

Lithium Dodecyl Sulfate–Polyacrylamide Gel 
Electrophoresis and Western Blotting

Separation of proteins by lithium dodecyl sulfate (LDS) poly-
acrylamide gel electrophoresis (PAGE), Western blotting, and 

immunodetection of PPAD with specific antibodies were per-
formed as detailed in the Appendix.

Whole-Genome Sequencing and  
Phylogenetic Analysis

Total bacterial DNA was extracted and sequenced using a 
Miseq (Illumina) as detailed in the Appendix. The sequence 
reads were submitted to the European Nucleotide Archive 
under project PRJEB21305 with following accession numbers: 
ERS1790728 (Jaguar-1), ERS1790727 (I-433), ERS1790726 
(I-372), ERS1790725 (G251), ERS1790724 (Chien5B), 
ERS1790723 (Chat2), ERS1790722 (3492), ERS1790721 
(19X2-K1), ERS1790720 (157), ERS1827527 (TT1), and 
ERS1825597 (TG1). Phylogenetic analyses were performed as 
detailed in the Appendix.

Outer Membrane Vesicles Collection

To collect OMVs, 2 mL fractions of bacterial cultures were 
centrifuged for 20 min at 16,100 × g and 4°C to separate bacte-
rial cells from the growth medium. Subsequently, 500 µL of the 
resulting supernatant was ultracentrifuged for 2 h at 2 13,000  
× g and 4°C using an Optima MAX-XP ultracentrifuge 
(Beckman Coulter). Afterward, the ultracentrifugation pellet, 
enriched in OMVs, was resuspended in 500 µL OMV buffer (5 
mM MgCl

2
 in phosphate-buffered saline [PBS]). Proteins in 

the supernatant and resuspended pellet fractions obtained upon 
ultracentrifugation were trichloroacetic acid (TCA)–precipi-
tated prior to analysis by LDS-PAGE and Western blotting, as 
described above.

Aqueous 2-Phase System Protein Purification

To explore the possible association of PPAD-like proteins with 
OMVs via an LPS modification, a protein phase separation 
was performed using the nonionic detergent Triton X-114 
(Sigma-Aldrich) essentially as previously described (Bordier 
1981). For experimental details, see Appendix.

Results

Detection of PPAD in Porphyromonas Species 
from Nonhuman Hosts

To investigate the occurrence of PPAD homologous enzymes 
beyond the P. gingivalis species boundaries, we screened an 
available previously established Porphyromonas collection 
(Laliberte and Mayrand 1983; Loos et al. 1993), including iso-
lates from a dog (n = 1), cats (n = 3), sheep (n = 2), monkeys (n = 
4) and a jaguar (n = 1; Appendix Table). This search was initi-
ated by Western blotting with PPAD-specific antibodies, and 
the results were subsequently verified by genome sequencing. 
Since substantial amounts of PPAD of P. gingivalis are 
secreted, we focused our search on the secreted protein fraction 
of the cultured bacteria. Remarkably, Western blotting showed 

http://journals.sagepub.com/doi/suppl/10.1177/0022034517747575
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bands of proteins cross-reacting with the PPAD antibody for 9 
of 11 isolates. Only the cat isolate 157 and the Jaguar-1 isolate 
produced no clearly cross-reactive bands, as was the case for 
the engineered PPAD deletion mutant of the P. gingivalis–type 
strain W83 (Fig. 1). The patterns of bands strongly cross-react-
ing with the PPAD antibody comprised a thick band of ~75 to 
85 kDa and a sharper one of ~47 kDa, with the possible appear-
ance of 1 or 2 faint bands of ~60 kDa. In the case of the mon-
key isolate I-372, the ~75- to 85-kDa band was separated into 
2 closely migrating sharper bands. The latter finding suggests 
that the broad ~75- to 85-kDa band of the other isolates, includ-
ing P. gingivalis W83, may actually be composed of multiple 
closely migrating bands. Importantly, the observed banding 
patterns of secreted proteins of Porphyromonas isolates from 
nonhuman hosts closely resembled the pattern observed for the 
P. gingivalis–type strain W83 (Fig. 1B). This implies that the 
proteins identified in this way are homologous to PPAD or at 
least structurally related to PPAD. In fact, the observed PPAD 
banding pattern of P. gingivalis W83 and our Porphyromonas 
isolates from nonhuman hosts is consistent with literature data, 
where it was proposed that the ~75- to 85-kDa band represents 
the outer membrane–bound form of PPAD, and the ~47-kDa 
band represents the secreted soluble form (Konig et al. 2014). 
The bands of ~60 kDa observed in samples of P. gingivalis 
W83, the monkey isolates G251 and 19X2K-1, and the cat iso-
late Chat2 could potentially correspond to unprocessed forms 
of PPAD.

Soluble and OMV-Associated Forms  
of Potential PPAD Homologues

The similar banding patterns of PPAD from P. gingivalis W83 
and the potential PPAD homologues prompted us to compare 
the localization of these proteins. Of note, PPAD is attached to 
the outer membrane of P. gingivalis and secreted OMVs, most 
likely by modification with A-LPS (Shoji et al. 2002; Gui et al. 
2015; Xie 2015). Accordingly, we assessed the possible OMV 
association of secreted proteins cross-reacting with the PPAD 
antibody by ultracentrifugation of supernatant fractions of  
P. gingivalis samples and the Porphyromonas isolates from 
nonhuman hosts. The resulting OMV-containing pellet and 
OMV-depleted supernatant fractions were subsequently ana-
lyzed via Western blotting with the anti-PPAD antibody (Fig. 
2). Indeed, the soluble ~47-kDa PPAD species of the P. gingi-
valis strains W83, ATCC 33277, and 20664 fractionated exclu-
sively with the supernatant fraction, as was the case for the ~47-kDa 
species of cross-reacting proteins in the Porphyromonas iso-
lates from nonhuman hosts. In contrast, substantial amounts of 
the ~75- to 85-kDa PPAD species and similarly sized cross-
reacting proteins were detectable in the pellet fraction upon 
ultracentrifugation. The latter is consistent with an association 
with large pelletable OMVs.

Importantly, interactions of proteins with OMVs can be 
validated using a temperature-dependent phase separation 
assay based on the detergent Triton X-114 where, at 37°C, 
LPS-modified hydrophobic proteins will fractionate with the 
detergent-rich phase, while hydrophilic proteins lacking lipid 

modifications fractionate with the aqueous phase. We therefore 
applied this assay to Porphyromonas isolates from a dog 
(Chien5B), a cat (Chat2), and a monkey (G251). As a positive 
control, we used the P. gingivalis isolate 20664, which pro-
duces relatively large amounts of PPAD (Fig. 2). As shown by 
subsequent Western blotting, the ~75- to 85-kDa PPAD species 
localized prevalently to the detergent fraction (Fig. 3A, B), 
consistent with the proposed A-LPS attachment. Conversely, 
the ~47-kDa PPAD species appeared only in the lipid-free 
aqueous phase, as it would be expected of the secreted soluble 
form of PPAD (Fig. 3). Of note, the phase separation of the dif-
ferent protein species is not complete due to inevitable cross-
contaminations between the aqueous and detergent phases.

Comparison of PPAD and Its Homologues in 
Porphyromonas Species from Nonhuman Hosts

To identify genes encoding the potential PPAD homologues 
detected by Western blotting, we sequenced the different investi-
gated Porphyromonas isolates from nonhuman hosts. This analy-
sis identified homologous PPAD genes in the 9 Porphyromonas 
isolates secreting proteins that cross-reacted with the PPAD 
antibody (Figs. 1–3), and it confirmed the absence of genes 
with similarity to the PPAD gene from the cat isolate 157 and 
the Jaguar-1 isolate. All identified PPAD homologues con-
tained the catalytic residues Asp130, His236, Asp238, Asn297, 
and Cys351, as well as the Arg152 and Arg154 residues alleg-
edly involved in substrate specificity (Montgomery et al. 
2016). This implies that all identified PPAD homologues have 
a potential citrullinating activity. The highest overall amino 

Figure 1. Detection of a PPAD-like protein in Porphyromonas 
isolates from nonhuman hosts. Porphyromonas species isolates from 
nonhuman hosts were cultured for 4 d in brain heart infusion medium. 
Subsequently, bacterial cells were separated from the growth medium, 
and growth medium fractions were used for immunoblotting with 
PPAD-specific antibodies. (A) Porphyromonas species clinical isolates.  
(B) Porphyromonas gingivalis reference strain W83 and the isogenic PPAD 
deletion mutant. Molecular weights of marker proteins are indicated. 
PPAD, peptidylarginine deiminase enzyme of P. gingivalis.
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acid sequence similarity to the PPAD reference protein from  
P. gingivalis W83 was observed for the homologous protein of 
the 19X2-K1 isolate (Appendix Fig. 1). Furthermore, all PPAD 

proteins of the different Porphyromonas isolates from nonhu-
man hosts, including 19X2-K1, showed the amino acid substi-
tutions G231N, E232T, and N235D.

Presence of Secreted Gingipains in Porphyromonas 
Species from Nonhuman Hosts

To evaluate the possible secretion of the gingipains RgpA, 
RgpB, and Kgp by Porphyromonas species from nonhuman 
hosts, we performed a Western blotting analysis with poly-
clonal rabbit antibodies that were raised either against the cata-
lytic domain of RgpA or against Kgp. Of note, the catalytic 
domains of RgpA and RgpB are highly similar and, therefore, 
the antibodies raised against RgpA also bind to RgpB. As 
shown in Appendix Figure 2, this Western blotting analysis 
allowed the detection of RgpA/B and Kgp in the growth 
medium of most investigated isolates. In contrast, these gingipains 
were completely absent from the growth media of isolates 157, 
Jaguar-1, and TG1, whereas isolate TT1 lacked only RgpA. 
Importantly, these observations were fully supported by inspec-
tion of the respective genome sequences, showing the presence/
absence of the respective gingipain genes. Intriguingly, the 
PPAD-producing isolate TG1 lacks the known gingipains, sug-
gesting that the production of PPAD is not necessarily accom-
panied by the production of gingipains.

Identification of PPAD-Producing 
Porphyromonas Species

The identification of PPAD homologues in 9 Porphyromonas 
isolates from nonhuman hosts raised the question to which  
particular species these isolates belong. To this end, an accu-
rate phylogenetic analysis was performed based on 16S 

Figure 2. Association of PPAD-like proteins from nonhuman hosts with outer membrane vesicles (OMVs). Growth medium fractions (designated 
“supernatant”) of Porphyromonas species isolates were subject to ultracentrifugation. Subsequently, the supernatant and pellet fractions were analyzed 
by immunoblotting as indicated for Figure 1. Samples relating to the Porphyromonas species isolates from nonhuman hosts, the reference strains W83 
and ATCC 33277 and their respective PPAD–/– mutants, and a Porphyromonas gingivalis clinical isolate are listed. Molecular weights of marker proteins 
are indicated. Note that the W83 and respective PPAD mutant samples are identical to those used for Figure 1. PPAD, peptidylarginine deiminase 
enzyme of P. gingivalis.

Figure 3. Detergent extraction of the ~75- to 85-kDa PPAD-like 
protein species. Porphyromonas species isolates were cultured and, 
subsequently, separated from the growth medium by centrifugation. 
Next, an aqueous 2-phase system protein purification was performed, 
dividing each sample into an aqueous (lipid-free proteins) and a detergent-
rich (lipid-bound proteins) phase. The resulting fractions of (A) 3 
Porphyromonas isolates from nonhuman hosts and (B) the Porphyromonas 
gingivalis clinical isolate 20664 were analyzed by immunoblotting as 
indicated for Figure 1. Molecular weights of marker proteins are 
indicated. PPAD, peptidylarginine deiminase enzyme of P. gingivalis.

http://journals.sagepub.com/doi/suppl/10.1177/0022034517747575
http://journals.sagepub.com/doi/suppl/10.1177/0022034517747575


PPAD beyond the Porphyromonas gingivalis Species 5

ribosomal RNA (rRNA)–encoding sequences. This identified 
the monkey isolate 19X2-K1 as P. gingivalis, the cat isolate  
157 as Porphyromonas salivosa, the Jaguar-1 isolate as 
Porphyromonas circumdentaria, and 6 other isolates from a 
dog, 2 cats, and 3 monkeys as Porphyromonas gulae (Appendix 
Table). The TG1 and TT1 isolates from sheep were regarded as 
a potentially novel species since no high sequence similarity 
match with 16S rRNA of known Porphyromonas species was 
found initially. However, additional 16S rRNA Blast searches 
showed a match of 99% sequence identity to the 16S rRNA 
gene of Porphyromonas UQD 444, which had been isolated 
from marsupials in Australia (Mikkelsen et al. 2008) (Appendix 
Table 1). This isolate recently received the name Porphyromonas 
loveana (Bird et al. 2016). A phylogenetic tree of our 
Porphyromonas isolates and representative reference species 
based on the 16S rRNA gene comparisons is presented in 
Figure 4. Of note, this tree is in agreement with a phylogenetic 

tree based on the housekeeping gene gdh for glutamate dehy-
drogenase (Appendix Fig. 3), and both trees confirm the species 
designations as presented in Appendix Table. Interestingly, 
Figure 4 unveils the evolutionary distance between the 3 
Porphyromonas species in which we identified PPAD (i.e.,  
P. gingivalis, P. gulae, and P. loveana), and the 2 species lacking 
PPAD (i.e., P. salivosa and P. circumdentaria). Notably, while 
we have previously shown that P. gingivalis isolates invariably 
possess PPAD (Gabarrini et al. 2015), this was so far not 
known for P. gulae or P. loveana. Our present investigations, 
combined with publicly available sequencing data, now show 
that all known P. gulae isolates contain a PPAD gene, while at 
least 2 of the 3 known P. loveana isolates have such a gene 
(Coil et al. 2015). Consistent with the phylogeny based on the 
16S rRNA and gdh genes, a phylogenetic tree based on the 
amino acid sequences of identified PPAD proteins groups these 
proteins according to the respective species (Appendix Fig. 4). 

Figure 4. Phylogeny of Porphyromonas species isolated from nonhuman hosts. A neighbor-joining phylogenetic tree based on the alignment of 16S 
ribosomal RNA genes was generated with ClustalW. Previously sequenced reference strains of different Porphyromonas species were included in the 
analysis and the respective access codes are indicated.

http://journals.sagepub.com/doi/suppl/10.1177/0022034517747575
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The overall amino acid sequence identity between the newly 
identified PPAD homologues and PPAD of P. gingivalis is high 
(81% P. loveana, 93% P. gulae, and 99% P. gingivalis; 
Appendix Fig. 1). Furthermore, the comparison of amino acid 
sequences highlights particular amino acid substitutions in 
PPAD proteins from P. gulae and P. loveana (i.e., M27T, R31G, 
S95N, S109N, E159D, P259A, V385I) compared to PPAD 
proteins from P. gingivalis W83.

Discussion
A correlation between oral health and RA has been suspected 
for centuries, dating back to Hippocrates and his treatment of 
arthritis by tooth extraction. It was therefore a natural conse-
quence to investigate the oral microbiota, and specifically peri-
odontal pathogens, to shed more light on the etiology of RA. 
Once the involvement of PADs in the onset of this disease 
became apparent, studies with focus on P. gingivalis and its 
apparently unique citrullinating enzyme PPAD were initiated. 
The present study shows for the very first time that PPAD 
homologous proteins are present in 2 Porphyromonas species 
from nonhuman hosts—namely, P. gulae and P. loveana. All 
these PPAD homologues possess the residues implicated in the 
catalytic conversion of arginine to citrulline. This implies that 
these homologues qualify as Porphyromonas peptidyl arginine 
deiminases, hereafter referred to as PPAD. We consider these 
findings important for future research on the precise function 
of PPAD as a virulence factor in animal models, especially 
because PPAD is a major virulence factor of P. gingivalis, 
implicated in severe periodontitis and RA in humans.

Our findings show that the subcellular sorting of PPAD to 
the extracellular environment is conserved in P. gingivalis,  
P. gulae, and P. loveana. Clearly, the extracellular PPAD pro-
tein is present in 2 major forms. The dominant form is OMV 
associated, probably via an A-LPS modification. In addition, a 
smaller fraction of the extracellular PPAD is present in a solu-
ble secreted state. The fact that this sorting pattern is conserved 
across species suggests that it has biological and/or clinical 
relevance. For example, soluble secreted PPAD would easily 
reach cell surface–exposed targets on host cells or tissues. The 
OMV association of PPAD could serve 2 purposes: protection 
from degradation by proteases of Porphyromonas (e.g., the 
gingipains) or proteases of the host and delivery to destinations 
within phagocytic host cells. The latter would be consistent 
with the notion that OMVs of various Gram-negative bacterial 
pathogens have been implicated in the intracellular delivery of 
virulence factors (Veith et al. 2014; Jan 2017).

Whether the newly identified PPAD homologues from  
P. gulae and P. loveana are actually involved in pathogenesis in 
the nonhuman hosts remains to be demonstrated. In this con-
text, it will also be important to accurately characterize the cata-
lytic activity and substrate specificity of the newly identified 
PPAD homologues since, despite the compelling similarities, it 
is conceivable that the different PPAD homologues have 
evolved subtle differences. To date, various functions of PPAD 
in pathogenesis have been proposed, including the protection of 

Porphyromonas proteins against degradation by gingipains 
through citrullination, the citrullination of important host  
proteins, and neutralization of acidic environments through  
the production of ammonia as a by-product from the citrullina-
tion reaction. All these functions would be relevant for 
Porphyromonas pathogenesis, not only in humans but also in 
other nonhuman vertebrates. Intriguingly, the P. loveana iso-
lates TT1 and TG1 were isolated from New Zealand sheep with 
“broken mouth periodontitis,” a common yet untreatable ovine 
disease where sheep lose the incisor teeth needed to consume 
pasture. Eventually, this will cause malnutrition, weight loss, 
and poor production, which has a serious impact on flock pro-
ductivity and represents a significant economic burden in sheep 
farming (Riggio et al. 2013). As previous studies indicate that 
the bacteria responsible may be periodontal pathogens and 
Bacteroides spp. (McCourtie et al. 1990; Yamasaki et al. 1990), 
it seems plausible that P. loveana could be involved in this dis-
order, possibly in combination with other oral pathogens.

Last, the presently investigated 19X2-K1 isolate represents 
one of the few documented cases of P. gingivalis isolated from 
a nonhuman host, a monkey in this case. The remaining sam-
ples, with the exception of 157 and Jaguar-1, are instead the 
first reported cases of non–P. gingivalis species producing a 
PPAD homologue. This proves for the first time that expression 
of the citrullinating PPAD enzyme is not a feature unique to 
only 1 species among all prokaryotes, as it was thus far believed.

Author Contributions

G. Gabarrini, contributed to conception, design, data acquisition, 
analysis, and interpretation, drafted and critically revised the man-
uscript; M.A. Chlebowicz, J.W.A. Rossen, H.J.M. Harmsen, con-
tributed to data analysis, critically revised the manuscript; M.E. 
Vega Quiroz, A.C.M. Veloo, M.L. Laine, contributed to data 
acquisition, critically revised the manuscript; J.M. van Dijl, A.J. 
van Winkelhoff, contributed to conception and data interpretation, 
critically revised the manuscript. All authors gave final approval 
and agree to be accountable for all aspects of the work.

Acknowledgments

We thank Fulvio Reggiori and Jan Tommassen for helpful sugges-
tions. This work was supported by the Graduate School of Medical 
Sciences of the University of Groningen (to G.G.) and the Center 
for Dentistry and Oral Hygiene of the University Medical Center 
Groningen (to G.G., A.J.v.W.). The present research has no par-
ticular ethical implications. The authors declare no potential con-
flicts of interest with respect to the authorship and/or publication 
of this article. 

References
Bird PS, Trott DJ, Mikkelsen D, Milinovich GJ, Hillman KM, Burrell PC, 

Blackall LL. 2016. Porphyromonas loveana sp. nov., isolated from the oral 
cavity of Australian marsupials. Int J Syst Evol Microbiol. 66(10):3771–
3778.

Bordier C. 1981. Phase separation of integral membrane proteins in Triton 
X-114 solution. J Biol Chem. 256(4):1604–1607.

Bostanci N, Belibasakis GN. 2012. Porphyromonas gingivalis: an invasive and 
evasive opportunistic oral pathogen. FEMS Microbiol Lett. 333(1):1–9.

http://journals.sagepub.com/doi/suppl/10.1177/0022034517747575


PPAD beyond the Porphyromonas gingivalis Species 7

Chen HH, Huang N, Chen YM, Chen TJ, Chou P, Lee YL, Chou YJ, Lan JL, 
Lai KL, Lin CH, et al. 2013. Association between a history of periodontitis 
and the risk of rheumatoid arthritis: a nationwide, population-based, case-
control study. Ann Rheum Dis. 72(7):1206–1211.

Coil DA, Alexiev A, Wallis C, O’Flynn C, Deusch O, Davis I, Horsfall A, 
Kirkwood N, Jospin G, Eisen JA, et al. 2015. Draft genome sequences of 26 
Porphyromonas strains isolated from the canine oral microbiome. Genome 
Announc. 3(2):e00187–e00215.

de Smit MJ, Brouwer E, Vissink A, van Winkelhoff AJ. 2011. Rheumatoid 
arthritis and periodontitis; a possible link via citrullination. Anaerobe. 
17(4):196–200.

de Smit MJ, Westra J, Brouwer E, Janssen KM, Vissink A, van Winkelhoff 
AJ. 2015. Periodontitis and rheumatoid arthritis: what do we know?  
J Periodontol. 86(9):1013–1019.

Detert J, Pischon N, Burmester GR, Buttgereit F. 2010. The association between 
rheumatoid arthritis and periodontal disease. Arthritis Res Ther. 12(5):218.

Fuggle NR, Smith TO, Kaul A, Sofat N. 2016. Hand to mouth: a systematic 
review and meta-analysis of the association between rheumatoid arthritis 
and periodontitis. Front Immunol. 7:80.

Gabarrini G, de Smit M, Westra J, Brouwer E, Vissink A, Zhou K, Rossen JW, 
Stobernack T, van Dijl JM, van Winkelhoff AJ. 2015. The peptidylarginine 
deiminase gene is a conserved feature of Porphyromonas gingivalis. Sci 
Rep. 5:13936.

Gui MJ, Dashper SG, Slakeski N, Chen YY, Reynolds EC. 2015. Spheres of 
influence: Porphyromonas gingivalis outer membrane vesicles. Mol Oral 
Microbiol. 31(5):365–378.

Hajishengallis G, Darveau RP, Curtis MA. 2012. The keystone-pathogen 
hypothesis. Nat Rev Microbiol. 10(10):717–725.

Hanna FY. 2005. Disease modifying treatment for feline rheumatoid arthritis. 
Vet Comp Orthop Traumatol. 18(2):94–99.

How KY, Song KP, Chan KG. 2016. Porphyromonas gingivalis: an overview 
of periodontopathic pathogen below the gum line. Front Microbiol. 7:53.

Jan AT. 2017. Outer membrane vesicles (OMVs) of gram-negative bacteria: a 
perspective update. Front Microbiol. 8:1053.

Jiao Y, Hasegaa M, Inohara N. 2014. The role of oral pathobionts in dysbiosis 
during periodontitis development. J Dent Res. 93(6):539–546.

Konig MF, Paracha AS, Moni M, Bingham CO III, Andrade F. 2014. Defining 
the role of Porphyromonas gingivalis peptidylarginine deiminase (PPAD) 
in rheumatoid arthritis through the study of PPAD biology. Ann Rheum 
Dis. 74(11):2054–2061.

Laliberte M, Mayrand D. 1983. Characterization of black-pigmented 
Bacteroides strains isolated from animals. J Appl Bacteriol. 55(2):247–252.

Lamont RJ, Hajishengallis G. 2015. Polymicrobial synergy and dysbiosis in 
inflammatory disease. Trends Mol Med. 21(3):172–183.

Lemetayer J, Taylor S. 2014. Inflammatory joint disease in cats: diagnostic 
approach and treatment. J Feline Med Surg. 16(7):547–562.

Lipman NS, Schelling SH, Otto G, Murphy JC. 1991. Juvenile rheumatoid arthri-
tis in a rhesus monkey (Macaca mulatta). J Med Primatol. 20(2):82–88.

Loos BG, Dyer DW, Whittam TS, Selander RK. 1993. Genetic structure of 
populations of Porphyromonas gingivalis associated with periodontitis and 
other oral infections. Infect Immun. 61(1):204–212.

Madianos PN, Papapanou PN, Socransky SS, Dahlen G, Sandros J. 1994. Host-
related genotypic heterogeneity of Porphyromonas gingivalis strains in the 
beagle dog. Oral Microbiol Immunol. 9(4):241–247.

McCourtie J, Poxton IR, Brown R, Whittaker CR, Spence JA, Aitchison GU. 
1990. A longitudinal study of the cultivable subgingival anaerobic bacteria 
isolated from sheep during the development of broken mouth periodontitis. 
J Med Microbiol. 31(4):275–283.

McGraw WT, Potempa J, Farley D, Travis J. 1999. Purification, charac-
terization, and sequence analysis of a potential virulence factor from 
Porphyromonas gingivalis, peptidylarginine deiminase. Infect Immun. 
67(7):3248–3256.

Ménard C, Mouton C. 1995. Clonal diversity of the taxon Porphyromonas gin-
givalis assessed by random amplified polymorphic DNA fingerprinting. 
Infect Immun. 63(7):2522–2531.

Mercado F, Marshall RI, Klestov AC, Bartold PM. 2000. Is there a relationship 
between rheumatoid arthritis and periodontal disease? J Clin Periodontol. 
27(4):267–272.

Mikkelsen D, Milinovich GJ, Burrell PC, Huynh SC, Pettett LM, Blackall LL, 
Trott DJ, Bird PS. 2008. Phylogenetic analysis of Porphyromonas species 
isolated from the oral cavity of Australian marsupials. Environ Microbiol. 
10(9):2425–2432.

Montgomery AB, Kopec J, Shrestha L, Thezenas ML, Burgess-Brown 
NA, Fischer R, Yue WW, Venables PJ. 2016. Crystal structure of 
Porphyromonas gingivalis peptidylarginine deiminase: implications for 
autoimmunity in rheumatoid arthritis. Ann Rheum Dis. 75(6):1255–1261.

Narayan O, Zink MC, Gorrell M, McEntee M, Sharma D, Adams R. 1992. 
Lentivirus induced arthritis in animals. J Rheumatol Suppl. 32:25–32; dis-
cussion 32–34.

Pedersen NC, Castles JJ, Weisner K. 1976. Noninfectious canine arthritis: rheu-
matoid arthritis. J Am Vet Med Assoc. 169(3):295–303.

Petersen PE, Ogawa H. 2012. The global burden of periodontal disease: towards 
integration with chronic disease prevention and control. Periodontol 2000. 
60(1):15–39.

Pischon N, Pischon T, Kroger J, Gulmez E, Kleber BM, Bernimoulin JP, Landau 
H, Brinkmann PG, Schlattmann P, Zernicke J, et al. 2008. Association 
among rheumatoid arthritis, oral hygiene, and periodontitis. J Periodontol. 
79(6):979–986.

Quirke AM, Lugli EB, Wegner N, Hamilton BC, Charles P, Chowdhury M, 
Ytterberg AJ, Zubarev RA, Potempa J, Culshaw S, et al. 2014. Heightened 
immune response to autocitrullinated Porphyromonas gingivalis peptidyl-
arginine deiminase: a potential mechanism for breaching immunologic tol-
erance in rheumatoid arthritis. Ann Rheum Dis. 73(1):263–269.

Riggio MP, Jonsson N, Bennett D. 2013. Culture-independent identification of 
bacteria associated with ovine ‘broken mouth’ periodontitis. Vet Microbiol. 
166(3–4):664–669.

Riggio MP, Lappin DF, Bennett D. 2014. Bacteria and toll-like receptor and 
cytokine mRNA expression profiles associated with canine arthritis. Vet 
Immunol Immunopathol. 160(3–4):158–166.

Sato K, Yukitake H, Narita Y, Shoji M, Naito M, Nakayama K. 2013. 
Identification of Porphyromonas gingivalis proteins secreted by the Por 
secretion system. FEMS Microbiol Lett. 338(1):68–76.

Shoji M, Ratnayake DB, Shi Y, Kadowaki T, Yamamoto K, Yoshimura F, 
Akamine A, Curtis MA, Nakayama K. 2002. Construction and character-
ization of a nonpigmented mutant of Porphyromonas gingivalis: cell sur-
face polysaccharide as an anchorage for gingipains. Microbiology. 148(Pt 4): 
1183–1191.

Shoji M, Sato K, Yukitake H, Kondo Y, Narita Y, Kadowaki T, Naito M, 
Nakayama K. 2011. Por secretion system-dependent secretion and gly-
cosylation of Porphyromonas gingivalis hemin-binding protein 35. PLoS 
One. 6(6):e21372.

Stobernack T, Glasner C, Junker S, Gabarrini G, de Smit M, de Jong A, Otto 
A, Becher D, van Winkelhoff AJ, van Dijl JM. 2016. Extracellular pro-
teome and citrullinome of the oral pathogen Porphyromonas gingivalis.  
J Proteome Res. 15(12):4532–4543.

Veith PD, Chen YY, Gorasia DG, Chen D, Glew MD, O’Brien-Simpson NM, 
Cecil JD, Holden JA, Reynolds EC. 2014. Porphyromonas gingivalis outer 
membrane vesicles exclusively contain outer membrane and periplasmic 
proteins and carry a cargo enriched with virulence factors. J Proteome Res. 
13(5):2420–2432.

Wegner N, Lundberg K, Kinloch A, Fisher B, Malmstrom V, Feldmann M, 
Venables PJ. 2010. Autoimmunity to specific citrullinated proteins gives 
the first clues to the etiology of rheumatoid arthritis. Immunol Rev. 
233(1):34–54.

Xie H. 2015. Biogenesis and function of Porphyromonas gingivalis outer mem-
brane vesicles. Future Microbiol. 10(9):1517–1527.

Yamasaki T, Nagata A, Kiyoshige T, Sato M, Nakamura R. 1990. Black-
pigmented, asaccharolytic Bacteroides species resembling Porphyromonas 
gingivalis (Bacteroides gingivalis) from beagle dogs. Oral Microbiol 
Immunol. 5(6):332–335.


