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Abstract

:

The in vitro antimicrobial susceptibility of 29 strains of the major periodontal pathogen Porphyromonas gingivalis and three P. gulae (as an ancestor) to nine antibiotics (amoxicillin, amoxicillin/clavulanate, clindamycin, metronidazole, moxifloxacin, doxycycline, azithromycin, imipenem, and cefoxitin) was evaluated by E-testing of minimal inhibitory concentration (MIC) according to international standards. The results were compared with 16 international studies reporting MICs from 1993 until recently. In addition, 77 currently available P. gingivalis genomes were screened for antimicrobial resistance genes. E-testing revealed a 100% sensitivity of P. gingivalis and P. gulae to all antibiotics. This was independent of the isolation year (1970 until 2021) or region, including rural areas in Indonesia and Africa. Regarding studies worldwide (675 strains), several method varieties regarding medium, McFarland inoculation standards (0.5–2) and incubation time (48–168 h) were used for MIC-testing. Overall, no resistances have been reported for amoxicillin + clavulanate, cefoxitin, and imipenem. Few strains showed intermediate susceptibility or resistance to amoxicillin and metronidazole, with the latter needing both confirmation and attention. The only antibiotics which might fail in the treatment of P. gingivalis-associated mixed anaerobic infections are clindamycin, macrolides, and tetracyclines, corresponding to the resistance genes erm(B), erm(F), and tet(Q) detected in our study here, as well as fluoroquinolones. Periodical antibiotic susceptibility testing is necessary to determine the efficacy of antimicrobial agents and to optimize antibiotic stewardship.
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1. Introduction


Porphyromonas gingivalis is a non-motile, Gram-negative, rod-shaped/filamentous (pleomorphic), anaerobic bacterium forming black-pigmented colonies after 3–4 days of incubation on supplemented (vitamin K, hemin) blood agar plates. It is an opportunistic pathogenic bacterium, commonly found in the human body and especially in the oral cavity, where it is associated with periodontal diseases. Together with Tannerella forsythia and Treponema denticola, it forms the red complex of etiologically important bacteria and is regarded as THE key periodontal pathogen [1,2]. The detection rate of P. gingivalis increases with age [3]. In the periodontal sulcus P. gingivalis induces an inflammatory response upregulating the nutrient-rich flow of sulcus fluid causing bacterial overgrowth/proliferation and subsequently dysbiosis. Simultaneously, it impairs the bactericidal innate host defenses by blocking Toll-Like-Receptor 4 (TLR4) recognition, assuring its survival [4]. In addition to periodontitis, it has been frequently found in oral specimens from necrotizing ulcerative gingivitis, infected root canals, peri-implant lesions, and acute apical abscesses [5,6]. Besides the oral cavity, it has been detected at various body sites, such as intra-abdominally [7], vaginal samples in cases of vaginosis [8], amniotic fluid [9], synovial specimens of rheumatoid arthritis and psoriatic arthritis [10], and together with some other periodontal organisms, in occluded arteries of the lower extremities of Buerger’s disease patients [11]. Recently investigated links between P. gingivalis and age-related macular degeneration [12], adverse pregnancy outcomes [13], Alzheimer’s disease [14,15], atherosclerotic disease [16], and cancer [17] need confirmation.



From the clinical perspective and following appropriate antibiotic stewardship, systemic antibiotics should only be used in well-selected patients and cases. In periodontology, their application should be restricted to specific conditions of severe progressive periodontitis defined by international recommendations [18,19]. Metronidazole, amoxicillin (plus/minus metronidazole or clavulanate), and clindamycin, as well as (less common) certain fluoroquinolones (mainly ciprofloxacin), tetracyclines (including doxycycline) and macrolides (erythromycin or azithromycin), are the antibiotics used and always in conjunction with mechanical debridement. If the debridement is neglected, antibiotics might not reach the bacteria in biofilm with the consequence of much higher minimal inhibitory concentration (MIC) [20]. Importantly, only for non-oral, severe mixed anaerobic infections, cefoxitin and imipenem are established treatment options and therefore included here.



The present study aimed to test the in vitro susceptibility of clinical P. gingivalis strains, isolated from periodontal pockets in adult patients with advanced forms of periodontitis in Germany and worldwide, to all antibiotics mentioned above and by standardized methods. We selected strains according to the following criteria: of local importance (Germany) or to fill gaps of regions under-represented in MIC testing so far (namely Indonesia, Kenya, Canada). We also included three P. gulae strains (isolated from Squirrel monkeys, Saimiri squirrius) as the probable ancestor of P. gingivalis [21] and known for their ability to acquire nitroimidazole resistance [22]. In addition to phenotypic testing, we retrieved the sequence reads of 77 publicly available P. gingivalis genomes and searched for resistance genes. By discussing our results with respect to 16 international studies addressing MIC data from 1993 until recently, we intended to meta-analyze the global antimicrobial susceptibility of P. gingivalis over time, as a snapshot from its origin until 2021.




2. Results


2.1. Antibacterial Susceptibility Pattern of Our Strain Collection


The MIC of our strain collection of 29 P. gingivalis and three P. gulae isolates to nine antibiotics are presented in Table 1. Next, we calculated the MIC range, MIC50 (median MIC value at which ≥50% of the isolates in a test population are inhibited) and MIC90 (90% of strains susceptible), and results are presented in Table 2. Our MIC range, MIC50, and MIC90 were all in line with other studies conducted worldwide. No single strain of our collection reached resistance according to the breakpoints, so far defined by CLSI/EUCAST. In a few cases (strains AC07 from Germany and 083-02 from Indonesia), individual colonies showed a reduced susceptibility and were re-tested, but reached only a slightly higher, non-resistance-indicative MIC. The length of incubation needed for a clear MIC reading differed between strains (48 h, as recommended, up to 72 h). We did not find any pattern of resistance development among our limited number of strains. Almost the same MICs were measured for P. gulae (proclaimed ancestor of P. gingivalis), for strains from rural regions, or for recently isolated strains of Western countries (e.g., Germany, Canada) with access to antibiotics. Comparing five pairs of isolates from the same Java-Indonesian patients in 1994 and 2002 (young population with a high prevalence of periodontal diseases [23]), no tendency for rising resistance was observed.



In general, P. gingivalis showed very different phenotypes in terms of time to pigmentation, encapsulation (apparent by slimy colonies), or colony size, partially explaining the difficulties in obtaining MIC readings.




2.2. Antibacterial Susceptibility Pattern Worldwide


After carrying out an extensive search for global data on the in vitro antimicrobial susceptibility of P. gingivalis (Figure 1), here, we review the results in comparison of region and time (Table 3). Interestingly, even though the methods for susceptibility testing underwent standardization processes, variations performed by several groups and in several regions can be recognized (Table 4, including references). Some of these variations might be due to the availability of certain agar media or E-testing strips. In addition, different lengths of incubation before MIC reading were reported which might be related to both, different agar/broth media used and cultivability (e.g., oxygen sensitivity) of strains included. Comparing MICs over all antibiotics tested, the smallest ranges of MICs (four dilution steps) were reported for cefoxitin (≤0.125–1 mg/L) and imipenem (≤0.016–0.12 mg/L), but both antibiotics were only tested in three and five studies, including ours, respectively, and always found to be effective. The only other antibiotic demonstrating 100% effectiveness against P. gingivalis was amoxicillin/clavulanate (MIC range <0.016–0.75 mg/L, with a breakpoint for resistance of ≥8 mg/L). For all other antibiotics tested, very few resistant strains were recognized worldwide as the principal reason for the range-extension.




2.3. Analysis of Antimicrobial Resistance Genes


The presence/absence of resistance genes was detected by various approaches that are described in the Materials and Methods section. In addition, we used two different databases, ARG-ANNOT [46] and CARD 2020 [47], that include 2223 and 2631 sequences of antimicrobial genes, respectively. Our analysis using the CARD database revealed that all 77 investigated assembled genomes carried the pgpB gene producing lipid A 4′-phosphatase, which is responsible for polymyxin B (a cationic polypeptide antibiotic) resistance and, as dependent on complex formation with similar peptides called LPS binding protein (LBP), for evading TLR4-sensing and killing of P. gingivalis [48,49]. Because of the nephro- and neurotoxicity, polymyxin B is only topically used (eye-, ear-, and wound-infections) and has no application in periodontology. Interestingly, only the two genomes ERX1066730 and ERX2022748 harbored any other genes encoding for antimicrobial resistance. These two genomes represented strains from Germany and the Netherlands (Supplementary Table S1), respectively. The Dutch ERX2022748 genome carried only the erm(F) gene. In contrast, the German ERX1066730 genome carried the following four resistance genes: erm(B) and erm(F) conferring resistance to macrolide, lincosamide, and streptogramin B (MLSB); the cat(A1) gene for the chloramphenicol-resistance (not of interest as no application in anaerobic infections); and the tet(Q) gene encoding for a ribosomal protection protein conferring resistance to tetracycline. These results were confirmed by an alternative pipeline and database. Resistance to fluoroquinolones in Gram-negative bacteria mostly occurs by two mechanisms: first, through mutations in the target enzyme DNA gyrase and topoisomerase IV and second, by reducing intracellular fluoroquinolones through efflux pumps. However, we did not detect any fluoroquinolone-resistance determinants among the 77 genomes investigated here. Resistance to metronidazole in Gram-negative anaerobes is known to be associated with nitroimidazole-resistance genes (nimA–J isoforms). These genes (located chromosomally or on plasmids) encode a 5-nitroimidazole reductase that converts nitro-imidazole to amino-imidazole, thus preventing the generation of bactericidal nitroso-residues [50]. Of note, we did not detect any nim isoforms here.





3. Discussion


P. gingivalis MIC range, MIC50, and MIC90 data measured in our very limited number of strains were all within the range found by other studies conducted worldwide. We did not observe any trend of increased antibiotic resistance comparing data from P. gulae (a possible ancestor of P. gingivalis as isolated from monkeys [21]), isolates from rural regions in Kenya or Indonesia, or isolates from the 1970s to recent ones. However, if integrating more strains and respecting outliers, the global situation has been different since the end of the 20th and the beginning of the 21st century. In Germany (1999), but especially in Colombia (2010, 2020 [pre-proof]), amoxicillin-resistant strains were isolated with MICs above the breakpoint of ≥8 mg/L [33,41,51,52]. In Colombia, resistance against clindamycin (breakpoints between ≥4 [EUCAST] and ≥8 mg/L [CLSI], 23.5% resistant strains according to authors) and metronidazole (breakpoints between ≥4 [EUCAST) and ≥32 mg/L [CLSI], 21.6% resistant strains in 2010, rising to 24.6% in 2020 [pre-proof] according to authors) were also reported with an MIC90 as high as ≥16 mg/mL for both antibiotics. Resistance to metronidazole of a single (1 out of 10 tested) P. gingivalis strain was reported from Pakistan in 2020 also [53]. Although nim-associated metronidazole resistance is not highly numerous globally, there are reports with a prevalence between <1% (Prevotella) and 4% (Bacteroides) from quite a few regions such as Pakistan, North India, and Kuwait, but also the USA and Europe [50,54]. As a matter of concern, a few metronidazole-resistant P. gulae strains with MICs > 512 µg/mL were already isolated from dogs [22]. Developing of resistance in pets is plausible as they are frequently treated for parasites, and the imidazole-derivative fenbendazole is a popular choice [55]. After in vitro metronidazole challenge with sub-inhibitory concentrations, an adaptation of P. gingivalis was also demonstrated [56]. On the other hand, resistance to metronidazole in humans, even after selection pressure by treatment [57], seems to be unlikely, which might be due to a fitness cost associated with the acquisition of nim genes. Of note, nim genes were never found here according to the limited literature addressing this topic [58], our genome analysis results, and the best of our knowledge.



Again from Columbia but from a different group, an intermediate susceptibility to tetracycline (reaching the CLSI-breakpoint of 8 mg/L) was reported applying M.I.C.Evaluator strips [45]. As two independent Colombian groups were reporting increased resistance by applying good standard testing procedures, these results seem to be plausible and a matter of concern, as germs of all kinds easily cross borders, very apparent with the current SARS-CoV-2 pandemic. Further reports of tetracycline-resistant strains came from Germany [33], and the identification of tet(Q) genes underlines this risk (in our study and [59]).



Finally, macrolides, even if not very much used for treating periodontitis or anaerobic infections, are interesting as used for prophylaxis of infective endocarditis perioperatively, including periodontal open flap operations. Here, breakpoints for anaerobes are only defined for erythromycin and by CLSI (≥2 mg/L), but MICs as high as 8 mg/L for erythromycin (found in Italy 2007, [39]) or between 16 mg/L (found in Brazil 2006, [38]) and 24 mg/L (found in Colombia recently as MIC90, [52] pre-proof status) for azithromycin may indicate intermediate susceptibility or resistance. To avoid over-interpreting the clinical impact of very few resistant strains, it might be more constructive to use MIC50 and MIC90 data provided for all studies, including ours, in Table 3. The average P. gingivalis-MIC50 over all studies and about 700 strains (by exclusion of the Colombia strains which explains differences to Table 3) are promising and were the following (in mg/L): amoxicillin <0.016–<0.25, AMC < 0.016–<0.125, clindamycin < 0.016–≤0.125, metronidazole <0.016, fluoroquinolones 0.06–0.5, tetracyclines 0.015–0.75, macrolides < 0.016–0.25, imipenem 0.015–≤0.125, and cefoxitin 0.06–≤0.125. The same is true for MIC90 data (again by exclusion of the top resistant Colombia strains): amoxicillin <0.016–0.064, AMC < 0.016–0.125, clindamycin < 0.016–≤0.125, metronidazole < 0.016–0.75, fluoroquinolones 0.032–2, tetracyclines 0.023–16, macrolides <0.016–2, imipenem ≤ 0.125–0.06, and cefoxitin ≤ 0.125–0.5). Taken together, the only antibiotics which seem to have lost activity since the very late 20th century are tetracyclines, macrolides (both in accordance with the resistance genes found in 77 genomes investigated in depth here) as well as fluoroquinolones, the latter inactivated by mutation of target enzyme or by efflux pump-based extrusion.



Because of a reason given below, some important studies were not included in our analysis in the first instance. However, the results of these six studies will be discussed below for further comparison. Jepsen et al. tested antibiotic susceptibility of 5323 P. gingivalis isolates from 2008–2015 by agar diffusion only [60]. The average non-susceptibility in 2008–2011 versus 2012–2015 for doxycycline, azithromycin, and ciprofloxacin was: 0% versus 0.04%, 0.64% versus 1.56%, and 4.55% versus 11.51%, respectively. Furthermore, the authors found a significant increase in clindamycin non-susceptibility of P. gingivalis (0.46% versus 1.72%, in this particular case confirmed by E-testing), which is not seen worldwide and might be due to its widespread use in German dental practices (29.3% of all antibiotic prescriptions) [61]. All 5323 strains tested were metronidazole- and amoxicillin/clavulanate-susceptible, and 99.62% were amoxicillin-susceptible. Recently, Kulik et al. investigated susceptibility patterns of 56 P. gingivalis strains among Swiss periodontitis patients from different decades [62]. Because of the applied MICRONAUT-S anaerobe MIC plates method, with microdilution only for confirmation of elevated MICs, this study was not included in the first instance but is important for the discussion. In summary, their strains yielded low MIC50 (0.0625–0.5 mg/L) and MIC90 (0.125–2 mg/L) values for all the antimicrobials tested with two isolates needing attention: one was ermF-positive and had MIC values higher than 8 mg/L, 2 mg/L, and 0.25 mg/L for clindamycin, azithromycin, and moxifloxacin, respectively. The second isolate had a high MIC value of 4 mg/L for moxifloxacin. Sequence analysis of the quinolone resistance-determining region (QRDR) of the gyrA gene confirmed a gene mutation, namely Ser-83 ≥ Phe substitution. Dahlen et al. revealed antibiotic susceptibility against seven antibiotics among 67 consecutive fresh isolates of P. gingivalis in a Swedish population, with data given only in figures but not as tables [63]. The strains showed an overall susceptibility to all tested antibiotics except for kanamycin. However, reduced sensitivity was detected in one strain for penicillin G (MIC 1 mg/L), in four strains for ampicillin (MIC > 0.5 mg/L), and in nine strains for clindamycin (MIC > 0.1 mg/L). In a Japanese study in 2007, 48 P. gingivalis/P. endodontalis strains were examined but results not sorted by species [64]. However, all of the 13 antibiotics tested were highly active against both species with only one strain found resistant to amoxicillin. The overall susceptibility of strains (27, with 25 of them P. gingivalis) in Japan was recently confirmed, but with 4.9% moxifloxacin and 22.8% clindamycin resistance as exceptions and high MIC90 values (64–128 mg/L) for macrolides [65].



Striking for many studies is the delay between the isolation of strains and publication of susceptibility data, which can be more than 5 years. Assuming that the antibiotic resistance would increase by the same rate as measured by Jepsen et al. [60], presently (2021) the number of non-susceptible strains for doxycycline, azithromycin, and ciprofloxacin could have reached 0.1%, 2.5%, and 19%, respectively. However, this is highly speculative, as the counteracting antibiotic stewardship might break this tendency.



Of final note, during this study, we came across susceptibility data of other Porphyromonas species also, and it must be concluded that P. asaccharolytica, P. levii, and P. uenonis were less susceptible to antibiotics [35,66]. For instance, two P. asaccharolytica and two P. levii strains from California were resistant to clindamycin (>32 mg/L). There were seven isolates (most likely non-P. gingivalis) with levofloxacin MICs of 4 mg/L and three with MICs of 8 mg/L [35]. Metronidazole resistance of non-oral Porphyromonas sp. with MIC < 256 mg/L was reported from Greece [67].




4. Materials and Methods


4.1. Bacterial Strains and Antibacterial Susceptibility Testing


The strains tested in our laboratory and their origin are summarized in Table 1 together with MIC values. Most historical strains are from the ACTA collection, and co-author D. Deng provided them with agreement of her institution. By means of a Google Scholar search, we could identify the most plausible country and year of strain isolation. The MICs of 29 P. gingivalis and 3 P. gulae isolates to nine antibiotics, including amoxicillin, amoxicillin/clavulanate, clindamycin, metronidazole, moxifloxacin (fluoroquinolone), doxycycline (tetracycline), and azithromycin (macrolide), as well as imipenem and cefoxitin (the latter two for severe infections only) were determined by E test method (AB Biodisk, Solna, Sweden). Bacterial strains were grown on Brucella blood agar plates (Becton Dickinson GmbH, Heidelberg, Germany), supplemented with 5% sheep blood, hemin (5 mg/L), and vitamin K1 (10 mg/L), for up to 5 days. The test strains (a few fresh colonies) were suspended in sterile phosphate-buffered saline equivalent to a 1.0 McFarland standard and streaked confluently over the surface blood agar plates with the aid of a sterile swab. Plates were incubated anaerobically for 2 to 5 days. Inhibition zones were measured at 48 h according to the recommendations of the manufacturer and the Clinical and Laboratory Standards Institute (CLSI), but for slow-growing strains, a longer incubation time was necessary before reading was possible. Percentages of resistant isolates were calculated using breakpoints advised by the CLSI (document M100-ED31:2021 Performance Standards for Antimicrobial Susceptibility Testing, 31st Edition with breakpoints publicly made available in Table 2J MIC Breakpoints for Anaerobes) and by the European Committee on Antimicrobial Susceptibility Testing (EUCAST, Clinical Breakpoint Tables v. 11.0, valid from 1 January 2021, at https://eucast.org/clinical_breakpoints/, accessed on 19 November 2021). For comparison with the literature, an advanced PubMed and Google Scholar search was performed combining MESH terms (antibiotic[MeSH Terms] AND inhibitory concentration, minimum[MeSH Terms] AND (Porphyromonas gingivalis [MeSH Terms] OR Porphyromonas [All fields])), with results illustrated in Figure 1.




4.2. Analysis of Antimicrobial Resistance Genes


In addition to phenotypic testing, we retrieved the sequence reads of 77 publicly available P. gingivalis genomes that are listed in Supplementary Table S1 using Bactopia pipeline version 1.6.5 [68]. Within the Bactopia workflow, the quality check on the sequence reads was assigned, and reads below the quality requirements were filtered out. The remaining high-quality sequence reads were assembled using the Shovill pipeline version 1.1.0 (https://github.com/tseemann/shovill, accessed on 10 October 2021) and the default setting for the SKESA assembler version 2.4.0 [69]. Bactopia searches for antimicrobial resistance genes directly using the ARIBA pipeline version 2.14.6 [70] and the comprehensive antibiotic resistance database (CARD 2020) [47] as the default settings for predicting antibiotic resistance. In addition, we doubled checked for the presence or absence of acquired resistance genes by applying the ABRicate pipeline (version 0.8.132, https://github.com/tseemann/abricate, accessed on 10 October 2021) on the assembled genomes using default settings, and here, both the ARG-ANNOT (version V6, https://ifr48.timone.univ-mrs.fr/blast/arg-annot_v6.html, accessed on 10 October 2021) [46] and CARD 2020 (version 3.1.4, https://card.mcmaster.ca/, accessed on 10 October 2021) [47] public databases were used as references for detecting a wide variety of point mutations and reference sequences known to be associated with antimicrobial resistance. A list of all updated versions of the ARG-ANNOT database can be found under the following link: https://www.mediterranee-infection.com/acces-ressources/base-de-donnees/arg-annot-2/ (accessed on 10 October 2021).





5. Conclusions


Fortunately, antimicrobial resistance of P. gingivalis is not yet emerging but an increase of MIC data of tetracyclines, macrolides, lincosamide, and fluoroquinolones, has been recognized since the end of the 20th century. Only very few relevant genes, such as erm(B) or erm(F) conferring MLSB-resistance and tet(Q) encoding resistance to tetracyclines, were detected in the 77 publicly available genomes. Of note, neither phenotypic metronidazole resistance (with very few exceptions needing confirmation) nor corresponding nim genes were reported for P. gingivalis. However, a resistance-transfer from related Bacteroides, Prevotella, or other Porphyromonas species (including pet isolates) could emerge, as these are increasing in many regions worldwide. Thus, adjunctive antimicrobial usage in the treatment of periodontitis must be restricted and antibiotic stewardship and resistance gene screening extended.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/antibiotics10121438/s1, Table S1: Strain information available for search on antimicrobial resistance genes.





Author Contributions


G.C. conceived and designed the study and, together with M.M.H.A., J.-S.W. and A.B., secured funding; G.C., J.-S.W., T.K. and D.D. were responsible for isolate collection; T.K. conducted the resistance tests; G.C., T.K. and M.M.H.A. collected and analyzed the data; G.C. and M.M.H.A. drafted the manuscript; A.B., J.-S.W. and D.D. critically reviewed the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the IZKF (Interdisciplinary Center for Clinical Research, grant nos. OC1-06 and OC1-12) of the Medical Faculty, RWTH Aachen, Germany.




Data Availability Statement


Data is contained within the article and Supplementary Material.




Acknowledgments


The authors wish to thank the many colleagues at ACTA and worldwide for providing strains and/or samples. We thank Beate Melzer-Krick for her excellent technical assistance.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Chigasaki, O.; Aoyama, N.; Sasaki, Y.; Takeuchi, Y.; Mizutani, K.; Ikeda, Y.; Gokyu, M.; Umeda, M.; Izumi, Y.; Iwata, T.; et al. Porphyromonas gingivalis, the most influential pathogen in red-complex bacteria: A cross-sectional study on the relationship between bacterial count and clinical periodontal status in Japan. J. Periodontol. 2021. [Google Scholar] [CrossRef]

	



Socransky, S.S.; Haffajee, A.D.; Cugini, M.A.; Smith, C.; Kent, R.L., Jr. Microbial complexes in subgingival plaque. J. Clin. Periodontol. 1998, 25, 134–144. [Google Scholar] [CrossRef]

	



Könönen, E.; Paju, S.; Pussinen, P.J.; Hyvönen, M.; Di Tella, P.; Suominen-Taipale, L.; Knuuttila, M. Population-Based Study of Salivary Carriage of Periodontal Pathogens in Adults. J. Clin. Microbiol. 2007, 45, 2446–2451. [Google Scholar] [CrossRef]

	



Hajishengallis, G.; Diaz, P.I. Porphyromonas gingivalis: Immune subversion activities and role in periodontal dysbiosis. Curr. Oral Health Rep. 2020, 7, 12–21. [Google Scholar] [CrossRef]

	



Gomes, B.P.F.A.; Jacinto, R.C.; Pinheiro, E.T.; Sousa, E.L.R.; Zaia, A.A.; Ferraz, C.C.R.; Souza-Filho, F.J. Porphyromonas gingivalis, Porphyromonas endodontalis, Prevotella intermedia and Prevotella nigrescens in endodontic lesions detected by culture and by PCR. Oral Microbiol. Immunol. 2005, 20, 211–215. [Google Scholar] [CrossRef] [PubMed]

	



Pye, A.D.; Lockhart, D.E.A.; Dawson, M.P.; Murray, C.A.; Smith, A. A review of dental implants and infection. J. Hosp. Infect. 2009, 72, 104–110. [Google Scholar] [CrossRef]

	



Mättö, J.; Asikainen, S.; Väisänen, M.L.; Rautio, M.; Saarela, M.; Summanen, P.; Finegold, S.; Jousimies-Somer, H. Role of Porphyromonas gingivalis, Prevotella intermedia, and Prevotella nigrescens in extraoral and some odontogenic infections. Clin. Infect. Dis. 1997, 25, S194–S198. [Google Scholar] [CrossRef]

	



Persson, R.; Hitti, J.; Verhelst, R.; Vaneechoutte, M.; Persson, R.; Hirschi, R.; Weibel, M.; Rothen, M.; Temmerman, M.; Paul, K.; et al. The vaginal microflora in relation to gingivitis. BMC Infect. Dis. 2009, 9, 6. [Google Scholar] [CrossRef]

	



Leon, R.; Silva, N.; Ovalle, A.; Chaparro, A.; Ahumada, A.; Gajardo, M.; Martinez, M.; Gamonal, J. Detection of Porphyromonas gingivalis in the amniotic fluid in pregnant women with a diagnosis of threatened premature labor. J. Periodontol. 2007, 78, 1249–1255. [Google Scholar] [CrossRef] [PubMed]

	



Moen, K.; Brun, J.G.; Valen, M.; Skartveit, L.; Eribe, E.K.; Olsen, I.; Jonsson, R. Synovial inflammation in active rheumatoid arthritis and psoriatic arthritis facilitates trapping of a variety of oral bacterial DNAs. Clin. Exp. Rheumatol. 2006, 24, 656–663. [Google Scholar] [PubMed]

	



Iwai, T.; Inoue, Y.; Umeda, M.; Huang, Y.; Kurihara, N.; Koike, M.; Ishikawa, I. Oral bacteria in the occluded arteries of patients with Buerger disease. J. Vasc. Surg. 2005, 42, 107–115. [Google Scholar] [CrossRef] [PubMed]

	



Arjunan, P.; Swaminathan, R.; Yuan, J.; Al-Shabrawey, M.; Espinosa-Heidmann, D.G.; Nussbaum, J.; Martin, P.M.; Cutler, C.W. Invasion of human retinal pigment epithelial cells by Porphyromonas gingivalis leading to vacuolar/cytosolic localization and autophagy dysfunction In-Vitro. Sci. Rep. 2020, 10, 7468. [Google Scholar] [CrossRef] [PubMed]

	



Chopra, A.; Radhakrishnan, R.; Sharma, M. Porphyromonas gingivalis and adverse pregnancy outcomes: A review on its intricate pathogenic mechanisms. Crit. Rev. Microbiol. 2020, 46, 213–236. [Google Scholar] [CrossRef]

	



Dominy, S.S.; Lynch, C.; Ermini, F.; Benedyk, M.; Marczyk, A.; Konradi, A.; Nguyen, M.; Haditsch, U.; Raha, D.; Griffin, C.; et al. Porphyromonas gingivalis in Alzheimer’s disease brains: Evidence for disease causation and treatment with small-molecule inhibitors. Sci. Adv. 2019, 5, eaau3333. [Google Scholar] [CrossRef]

	



Itzhaki, R.F.; Golde, T.E.; Heneka, M.T.; Readhead, B. Do infections have a role in the pathogenesis of Alzheimer disease? Nat. Rev. Neurol. 2020, 16, 193–197. [Google Scholar] [CrossRef] [PubMed]

	



Schenkein, H.A.; Papapanou, P.N.; Genco, R.; Sanz, M. Mechanisms underlying the association between periodontitis and atherosclerotic disease. Periodontology 2000 2020, 83, 90–106. [Google Scholar] [CrossRef] [PubMed]

	



Yuan, X.; Liu, Y.; Kong, J.; Gu, B.; Qi, Y.; Wang, X.; Sun, M.; Chen, P.; Sun, W.; Wang, H.; et al. Different frequencies of Porphyromonas gingivalis infection in cancers of the upper digestive tract. Cancer Lett. 2017, 404, 1–7. [Google Scholar] [CrossRef]

	



Smiley, C.J.; Tracy, S.L.; Abt, E.; Michalowicz, B.S.; John, M.T.; Gunsolley, J.; Cobb, C.M.; Rossmann, J.; Harrel, S.K.; Forrest, J.L.; et al. Evidence-based clinical practice guideline on the nonsurgical treatment of chronic periodontitis by means of scaling and root planing with or without adjuncts. J. Am. Dent. Assoc. 2015, 146, 525–535. [Google Scholar] [CrossRef]

	



Sanz, M.; Herrera, D.; Kebschull, M.; Chapple, I.; Jepsen, S.; Berglundh, T.; Sculean, A.; Tonetti, M.S.; Aass, A.M.; Aimetti, M.; et al. Treatment of stage I–III periodontitis—The EFP S3 level clinical practice guideline. J. Clin. Periodontol. 2020, 47, 4–60. [Google Scholar] [CrossRef] [PubMed]

	



Larsen, T. Susceptibility of Porphyromonas gingivalis in biofilms to amoxicillin, doxycycline and metronidazole. Oral Microbiol. Immunol. 2002, 17, 267–271. [Google Scholar] [CrossRef]

	



Fournier, D.; Mouton, C.; Lapierre, P.; Kato, T.; Okuda, K.; Menard, C. Porphyromonas gulae sp. nov., an anaerobic, gram-negative coccobacillus from the gingival sulcus of various animal hosts. Int. J. Syst. Evol. Microbiol. 2001, 51, 1179–1189. [Google Scholar] [CrossRef] [PubMed]

	



Senhorinho, G.N.; Nakano, V.; Liu, C.; Song, Y.; Finegold, S.M.; Avila-Campos, M.J. Occurrence and antimicrobial susceptibility of Porphyromonas spp. and Fusobacterium spp. in dogs with and without periodontitis. Anaerobe 2012, 18, 381–385. [Google Scholar] [CrossRef] [PubMed]

	



Van Der Velden, U.; Abbas, F.; Armand, S.; Loos, B.G.; Timmerman, M.F.; Van Der Weijden, G.A.; Van Winkelhoff, A.J.; Winkel, E.G. Java project on periodontal diseases. The natural development of periodontitis: Risk factors, risk predictors and risk determinants. J. Clin. Periodontol. 2006, 33, 540–548. [Google Scholar] [CrossRef] [PubMed]

	



Clark, W.B.; Magnusson, I.; Abee, C.; Collins, B.; Beem, J.E.; McArthur, W.P. Natural occurrence of black-pigmented Bacteroides species in the gingival crevice of the squirrel monkey. Infect. Immun. 1988, 56, 2392–2399. [Google Scholar] [CrossRef]

	



Lee, J.Y.; Sojar, H.T.; Bedi, G.S.; Genco, R.J. Porphyromonas (Bacteroides) gingivalis fimbrillin: Size, amino-terminal sequence, and antigenic heterogeneity. Infect. Immun. 1991, 59, 383–389. [Google Scholar] [CrossRef]

	



Nagata, A.; Man-yoshi, T.; Sato, M.; Nakamura, R. Serological studies of Porphyromonas (Bacteroides) gingivalis and correlation with enzyme activity. J. Periodontal Res. 1991, 26, 184–190. [Google Scholar] [CrossRef]

	



Dahlen, G.; Manji, F.; Baelum, V.; Fejerskov, O. Black-pigmented Bacteroides species and Actinobacillus actinomycetemcomi-tans in subgingival plaque of adult Kenyans. J. Clin. Periodontol. 1989, 16, 305–310. [Google Scholar] [CrossRef]

	



Menard, C.; Mouton, C. Clonal diversity of the taxon Porphyromonas gingivalis assessed by random amplified polymorphic DNA fingerprinting. Infect. Immun. 1995, 63, 2522–2531. [Google Scholar] [CrossRef] [PubMed]

	



Timmerman, M.F.; Van der Weijden, G.A.; Armand, S.; Abbas, F.; Winkel, E.G.; Van Winkelhoff, A.J.; Van der Velden, U. Untreated periodontal disease in Indonesian adolescents. Clinical and microbiological baseline data. J. Clin. Periodontol. 1998, 25, 215–224. [Google Scholar] [CrossRef]

	



Pajukanta, R.; Asikainen, S.; Forsblom, B.; Saarela, M.; Jousimies-Somer, H. β-Lactamase production and in vitro an-timicrobial susceptibility of Porphyromonas gingivalis. FEMS Immunol. Med. Microbiol. 1993, 6, 241–244. [Google Scholar]

	



Miyake, Y.; Tsuruda, K.; Okuda, K.; Widowati; Iwamoto, Y.; Suginaka, H. In vitro activity of tetracyclines, macrolides, quinolones, clindamycin and metronidazole against periodontopathic bacteria. J. Periodontal Res. 1995, 30, 290–293. [Google Scholar] [CrossRef]

	



Andrés, M.T.; Chung, W.O.; Roberts, M.C.; Fierro, J.F. Antimicrobial susceptibilities of Porphyromonas gingivalis, Prevotella intermedia, and Prevotella nigrescens spp. isolated in Spain. Antimicrob. Agents Chemother. 1998, 42, 3022–3023. [Google Scholar] [CrossRef] [PubMed]

	



Eick, S.; Pfister, W.; Straube, E. Antimicrobial susceptibility of anaerobic and capnophilic bacteria isolated from odontogenic abscesses and rapidly progressive periodontitis. Int. J. Antimicrob. Agents 1999, 12, 41–46. [Google Scholar] [CrossRef]

	



Kleinfelder, J.W.; Müller, R.F.; Lange, D.E. Antibiotic susceptibility of putative periodontal pathogens in advanced periodontitis patients. J. Clin. Periodontol. 1999, 26, 347–351. [Google Scholar] [CrossRef] [PubMed]

	



Koeth, L.M.; Good, C.E.; Appelbaum, P.C.; Goldstein, E.J.; Rodloff, A.C.; Claros, M.; Dubreuil, L.J. Surveillance of susceptibility patterns in 1297 European and US anaerobic and capnophilic isolates to co-amoxiclav and five other anti-microbial agents. J. Antimicrob. Chemother. 2004, 53, 1039–1044. [Google Scholar] [CrossRef]

	



van Winkelhoff, A.J.; Herrera, D.; Oteo, A.; Sanz, M. Antimicrobial profiles of periodontal pathogens isolated from periodontitis patients in The Netherlands and Spain. J. Clin. Periodontol. 2005, 32, 893–898. [Google Scholar] [CrossRef]

	



Bahar, H.; Torun, M.M.; Demirci, M.; Kocazeybek, B. Antimicrobial resistance and β-lactamase production of clinical isolates of Prevotella and Porphyromonas species. Chemotherapy 2005, 51, 9–14. [Google Scholar] [CrossRef]

	



Jacinto, R.C.; Gomes, B.P.; Shah, H.N.; Ferraz, C.C.; Zaia, A.A.; Souza-Filho, F.J. Incidence and antimicrobial susceptibility of Porphyromonas gingivalis isolated from mixed endodontic infections. Int. Endod. J. 2006, 39, 62–70. [Google Scholar] [CrossRef]

	



Blandino, G.; Milazzo, I.; Fazio, D.; Puglisi, S.; Pisano, M.; Speciale, A.; Pappalardo, S. Antimicrobial susceptibility and β-lactamase production of anaerobic and aerobic bacteria isolated from pus specimens from orofacial infections. J. Chemother. 2007, 19, 495–499. [Google Scholar] [CrossRef] [PubMed]

	



Kulik, E.M.; Lenkeit, K.; Chenaux, S.; Meyer, J. Antimicrobial susceptibility of periodontopathogenic bacteria. J. Antimicrob. Chemother. 2008, 61, 1087–1091. [Google Scholar] [CrossRef]

	



Ardila, C.M.; Granada, M.I.; Guzmán, I.C. Antibiotic resistance of subgingival species in chronic periodontitis patients. J. Periodontal Res. 2010, 45, 557–563. [Google Scholar] [CrossRef] [PubMed]

	



Japoni, A.; Vasin, A.; Noushadi, S.; Kiany, F.; Japoni, S.; Alborzi, A. Antibacterial susceptibility patterns of Porphyromonas gingivalis isolated from chronic periodontitis patients. Med. Oral Patol. Oral Cir. Bucal. 2011, 16, e1031-5. [Google Scholar] [CrossRef] [PubMed]

	



Veloo, A.C.; Seme, K.; Raangs, E.; Rurenga, P.; Singadji, Z.; Wekema-Mulder, G.; van Winkelhoff, A.J. Antibiotic susceptibility profiles of oral pathogens. Int. J. Antimicrob. Agents 2012, 40, 450–454. [Google Scholar] [CrossRef] [PubMed]

	



Minguez, M.; Ennibi, O.K.; Perdiguero, P.; Lakhdar, L.; Abdellaoui, L.; Sanchez, M.C.; Sanz, M.; Herrera, D. Antimicrobial susceptibilities of Aggregatibacter actinomycetemcomitans and Porphyromonas gingivalis strains from periodontitis patients in Morocco. Clin. Oral Investig. 2019, 23, 1161–1170. [Google Scholar] [CrossRef] [PubMed]

	



Gamboa, F.; Acosta, A.; García, D.-A.; Velosa-Porras, J.; Araya, N.; Ledergerber, R. Occurrence of Porphyromonas gingivalis and its antibacterial susceptibility to metronidazole and tetracycline in patients with chronic periodontitis. Acta Odontol. Latinoam. 2014, 27, 137–144. [Google Scholar] [CrossRef]

	



Gupta, S.; Padmanabhan, B.R.; Diene, S.M.; Lopez-Rojas, R.; Kempf, M.; Landraud, L.; Rolain, J.-M. ARG-ANNOT, a new bioinformatic tool to discover antibiotic resistance genes in bacterial genomes. Antimicrob. Agents Chemother. 2013, 58, 212–220. [Google Scholar] [CrossRef] [PubMed]

	



Alcock, B.P.; Raphenya, A.R.; Lau, T.T.Y.; Tsang, K.K.; Bouchard, M.; Edalatmand, A.; Huynh, W.; Nguyen, A.-L.V.; Cheng, A.A.; Liu, S.; et al. CARD 2020: Antibiotic resistome surveillance with the comprehensive antibiotic resistance database. Nucleic Acids Res. 2020, 48, D517–D525. [Google Scholar] [CrossRef]

	



Coats, S.R.; To, T.T.; Jain, S.; Braham, P.H.; Darveau, R.P. Porphyromonas gingivalis resistance to polymyxin B is determined by the lipid A 4’-phosphatase, PGN_0524. Int. J. Oral Sci. 2009, 1, 126–135. [Google Scholar] [CrossRef]

	



Behzadi, P.; García-Perdomo, H.A.; Karpiński, T.M. Toll-Like Receptors: General molecular and structural biology. J. Immunol. Res. 2021, 2021, 9914854. [Google Scholar] [CrossRef]

	



Conrads, G.; Nagy, E.; Könönen, E. Bacteroides, Porphyromonas, Prevotella, Fusobacterium, and Other Anaerobic Gram-Negative Rods. In Manual of Clinical Microbiology, 12th ed.; Caroll, K., Pfaller, M.A., Eds.; ASM Press: Washington, DC, USA, 2019. [Google Scholar]

	



Ardila, C.M.; López, M.A.; Guzmán, I.C. High resistance against clindamycin, metronidazole and amoxicillin in Porphyromonas gingivalis and Aggregatibacter actinomycetemcomitans isolates of periodontal disease. Med. Oral Patol. Oral Cir. Bucal. 2010, 15, e947–e951. [Google Scholar] [CrossRef]

	



Ardila, C.-M.; Bedoya-García, J.-A. Antimicrobial resistance of Aggregatibacter actinomycetemcomitans, Porphyromonas gingivalis and Tannerella forsythia in periodontitis patients. J. Glob. Antimicrob. Resist. 2020, 22, 215–218. [Google Scholar] [CrossRef]

	



Irshad, M.; Alam, M.K.; Alawneh, A.; Alhadi, M.A.; Alhadi, A.A.; Almunajem, Y.S.; AlAnezi, F.F.; Al Sagoor, S.A.; Bajawi, A.M.; Alfawzan, A.A.; et al. Characterization and antimicrobial susceptibility of pathogens associated with periodontal abscess. Antibiotics 2020, 9, 654. [Google Scholar] [CrossRef]

	



Sadarangani, S.P.; Cunningham, S.A.; Jeraldo, P.R.; Wilson, J.W.; Khare, R.; Patel, R. Metronidazole- and carbapenem-resistant Bacteroides thetaiotaomicron isolated in Rochester, Minnesota, in 2014. Antimicrob. Agents Chemother. 2015, 59, 4157–4161. [Google Scholar] [CrossRef]

	



Pullola, T.; Vierimaa, J.; Saari, S.; Virtala, A.M.; Nikander, S.; Sukura, A. Canine intestinal helminths in Finland: Prevalence, risk factors and endoparasite control practices. Vet. Parasitol. 2006, 140, 321–326. [Google Scholar] [CrossRef]

	



Larsen, T.; Fiehn, N.-E. Development of resistance to metronidazole and minocycline in vitro. J. Clin. Periodontol. 1997, 24, 254–259. [Google Scholar] [CrossRef] [PubMed]

	



Dahlen, G.; Preus, H.R. Low antibiotic resistance among anaerobic Gram-negative bacteria in periodontitis 5 years following metronidazole therapy. Anaerobe 2017, 43, 94–98. [Google Scholar] [CrossRef] [PubMed]

	



Tran, C.M.; Tanaka, K.; Watanabe, K. PCR-based detection of resistance genes in anaerobic bacteria isolated from intra-abdominal infections. J. Infect. Chemother. 2013, 19, 279–290. [Google Scholar] [CrossRef] [PubMed]

	



Sanai, Y.; Persson, G.R.; Starr, J.R.; Luis, H.S.; Bernardo, M.; Leitao, J.; Roberts, M.C. Presence and antibiotic resistance of Porphyromonas gingivalis, Prevotella intermedia, and Prevotella nigrescens in children. J. Clin. Periodontol. 2002, 29, 929–934. [Google Scholar] [CrossRef]

	



Jepsen, K.; Falk, W.; Brune, F.; Fimmers, R.; Jepsen, S.; Bekeredjian-Ding, I. Prevalence and antibiotic susceptibility trends of periodontal pathogens in the subgingival microbiota of German periodontitis patients: A retrospective surveillance study. J. Clin. Periodontol. 2021, 48, 1216–1227. [Google Scholar] [CrossRef]

	



Falkenstein, S.; Stein, J.M.; Henne, K.; Conrads, G. Trends in antibiotic use and microbial diagnostics in periodontal treatment: Comparing surveys of German dentists in a ten-year period. Clin. Oral Investig. 2016, 20, 2203–2210. [Google Scholar] [CrossRef]

	



Kulik, E.M.; Thurnheer, T.; Karygianni, L.; Walter, C.; Sculean, A.; Eick, S. Antibiotic susceptibility patterns of Aggregatibacter actinomycetemcomitans and Porphyromonas gingivalis strains from different decades. Antibiotics 2019, 8, 253. [Google Scholar] [CrossRef] [PubMed]

	



Dahlén, G.; Gmür, R.; Yoshino, T. Phenotypes, serotypes and antibiotic susceptibility of Swedish Porphyromonas gingivalis isolates from periodontitis and periodontal abscesses. Oral Microbiol. Immunol. 2007, 22, 80–86. [Google Scholar] [CrossRef] [PubMed]

	



Kuriyama, T.; Williams, D.W.; Yanagisawa, M.; Iwahara, K.; Shimizu, C.; Nakagawa, K.; Yamamoto, E.; Karasawa, T. Antimicrobial susceptibility of 800 anaerobic isolates from patients with dentoalveolar infection to 13 oral antibiotics. Oral Microbiol. Immunol. 2007, 22, 285–288. [Google Scholar] [CrossRef]

	



Kaneko, A.; Matsumoto, T.; Iwabuchi, H.; Sato, J.; Wakamura, T.; Kiyota, H.; Tateda, K.; Hanaki, H.; Sakakibara, N.; Mizuno, T.; et al. Antimicrobial susceptibility surveillance of bacterial isolates recovered in Japan from odontogenic infections in 2013. J. Infect. Chemother. 2020, 26, 882–889. [Google Scholar] [CrossRef]

	



Shimura, S.; Watari, H.; Komatsu, M.; Kuchibiro, T.; Fukuda, S.; Nishio, H.; Kita, M.; Kida, K.; Oohama, M.; Toda, H.; et al. Antimicrobial susceptibility surveillance of obligate anaerobic bacteria in the Kinki area. J. Infect. Chemother. 2019, 25, 837–844. [Google Scholar] [CrossRef]

	



Papaparaskevas, J.; Pantazatou, A.; Katsandri, A.; Legakis, N.J.; Hellenic Study Group for Gram-Negative Anaerobic Bacteria; Avlamis, A. Multicentre survey of the in-vitro activity of seven antimicrobial agents, including ertapenem, against recently isolated Gram-negative anaerobic bacteria in Greece. Clin. Microbiol. Infect. 2005, 11, 820–824. [Google Scholar] [CrossRef] [PubMed]

	



Petit, R.A., 3rd; Read, T.D. Bactopia: A flexible pipeline for complete analysis of bacterial genomes. mSystems 2020, 5, e00190-20. [Google Scholar] [CrossRef]

	



Souvorov, A.; Agarwala, R.; Lipman, D.J. SKESA: Strategic k-mer extension for scrupulous assemblies. Genome Biol. 2018, 19, 153. [Google Scholar] [CrossRef]

	



Hunt, M.; Mather, A.E.; Sánchez-Busó, L.; Page, A.J.; Parkhill, J.; Keane, J.A.; Harris, S.R. ARIBA: Rapid antimicrobial resistance genotyping directly from sequencing reads. Microb. Genom. 2017, 3, e000131. [Google Scholar] [CrossRef]








[image: Antibiotics 10 01438 g001 550] 





Figure 1. Flow diagram of the search for Porphyromonas gingivalis-/minimal inhibitory concentration (MIC)-related articles (based on the PRISMA checklist). 
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Table 1. In vitro antimicrobial susceptibility of 3 Porphyromonas gulae and 29 P. gingivalis strains (isolated between 1970 and 2021) to nine antibiotics determined by the E test (results in mg/L). Among the tested 31 strains, 20 were retrieved from previous studies while 11 strains were isolated and investigated for the first time during this study. The MIC range, together with MIC50 and MIC90 was calculated and is reported together with breakpoints in Table 2.
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	Strain
	Country-Isolation Year
	Reference
	Amoxicillin
	AMC
	Clindamycin
	Metronidazole
	Moxifloxacin
	Doxycycline
	Azithromycin
	Imipenem
	Cefoxitin





	P. gulae I-372
	USA-FL-1986
	Clark 1988 [24]
	<0.016
	<0.016
	<0.016
	<0.016
	0.023
	0.047
	1
	0.006
	0.047



	P. gulae I-433
	USA-FL-1986
	Clark 1988 [24]
	<0.016
	<0.016
	<0.016
	<0.016
	0.003
	0.016
	0.094
	0.012
	0.064



	P. gulae G251
	USA-FL-1986
	Clark 1988 [24]
	<0.016
	<0.016
	<0.016
	<0.016
	0.012
	0.047
	0.19
	0.016
	0.19



	W83
	Germany-70th.
	ATCC Coykendall 1980
	<0.016
	<0.016
	<0.016
	<0.016
	0.002
	0.016
	n.d.
	0.004
	0.032



	AJW5 = VAG 5
	USA-NY-late 80th.
	Lee 1991 [25]
	<0.016
	<0.016
	<0.016
	<0.016
	<0.002
	<0.016
	0.19
	0.006
	<0.016



	22KN6-12
	Japan-late 80th.
	Nagata 1991 [26]
	<0.016
	<0.016
	<0.016
	<0.016
	0.004
	<0.016
	0.094
	0.032
	0.125



	OMG 406
	Kenya-Mid 80th.
	Dahlen 1989 [27]
	<0.016
	<0.016
	<0.016
	<0.016
	0.004
	<0.016
	0.094
	0.004
	0.023



	RB22D-1 = ATCC 49417
	Canada-early 90th.
	Ménard 1995 [28]
	<0.016
	<0.016
	<0.016
	<0.016
	0.012
	0.032
	0.38
	0.008
	0.044



	7B5
	Canada-early 90th.
	Ménard 1995 [28]
	<0.016
	<0.016
	<0.016
	<0.016
	0.008
	0.047
	0.19
	0.023
	0.032



	23A4
	Canada-early 90th.
	Ménard 1995 [28]
	<0.016
	<0.016
	<0.016
	<0.016
	0.012
	0.047
	0.25
	0.008
	0.19



	HW24D-2
	Canada-early 90th.
	Ménard 1995 [28]
	<0.016
	<0.016
	<0.016
	<0.016
	0.016
	0.032
	0.19
	0.008
	0.032



	Indo021-94
	Indonesia-1994
	Timmerman 1998 [29]
	<0.016
	<0.016
	<0.016
	<0.016
	<0.002
	<0.016
	0.19
	0.003
	<0.016



	Indo021-02
	Indonesia-2002
	v.d. Velden 2006 [23]
	<0.016
	<0.016
	<0.016
	<0.016
	<0.002
	<0.016
	0.125
	0.006
	<0.016



	Indo059-94
	Indonesia-1994
	Timmerman 1998 [29]
	<0.016
	<0.016
	<0.016
	<0.016
	0.004
	<0.016
	0.094
	0.004
	0.016



	Indo059-02
	Indonesia-2002
	v.d. Velden 2006 [23]
	<0.016
	<0.016
	<0.016
	<0.016
	0.012
	0.064
	0.19
	0.016
	0.125



	Indo083-94
	Indonesia-1994
	Timmerman 1998 [29]
	<0.016
	<0.016
	<0.016
	<0.016
	0.012
	0.016
	0.19
	0.016
	0.19



	Indo083-02
	Indonesia-2002
	v.d. Velden 2006 [23]
	<0.016
	<0.016
	<0.016
	<0.016
	0.016
	0.023
	0.19
	0.094
	0.064



	Indo168-94
	Indonesia-1994
	Timmerman 1998 [29]
	<0.016
	<0.016
	<0.016
	<0.016
	0.003
	0.016
	1.5
	<0.002
	0.047



	Indo168-02
	Indonesia-2002
	v.d. Velden 2006 [23]
	<0.016
	<0.016
	<0.016
	<0.016
	<0.002
	<0.016
	0.38
	0.012
	0.023



	Indo210-94
	Indonesia-1994
	Timmerman 1998 [29]
	<0.016
	<0.016
	<0.016
	<0.016
	0.016
	0.064
	0.38
	0.064
	0.38



	Indo210-02
	Indonesia-2002
	v.d. Velden 2006 [23]
	<0.016
	<0.016
	<0.016
	<0.016
	0.016
	0.032
	0.5
	0.032
	0.047



	AC01
	Germany-2021
	this study 2021
	<0.016
	<0.016
	<0.016
	<0.016
	<0.003
	<0.016
	0.38
	0.008
	<0.016



	AC04
	Germany-2021
	this study 2021
	0.016
	0.016
	<0.016
	0.016
	<0.012
	0.032
	1
	0.023
	0.094



	AC07
	Germany-2021
	this study 2021
	<0.016
	<0.016
	<0.016
	<0.016
	0.25
	<0.016
	0.19
	0.002
	<0.016



	AC08
	Germany-2021
	this study 2021
	<0.016
	<0.016
	<0.016
	<0.016
	<0.004
	<0.016
	0.064
	0.012
	0.19



	AC26
	Germany-2021
	this study 2021
	<0.016
	<0.016
	<0.016
	<0.016
	<0.006
	<0.016
	1.5
	0.008
	0.125



	AC27
	Germany-2021
	this study 2021
	<0.016
	<0.016
	<0.016
	<0.016
	<0.002
	<0.016
	0.5
	0.004
	<0.016



	AC29
	Germany-2021
	this study 2021
	<0.016
	<0.016
	<0.016
	<0.016
	0.003
	<0.016
	0.047
	0.012
	0.25



	AC38
	Germany-2021
	this study 2021
	<0.016
	<0.016
	<0.016
	<0.016
	0.002
	<0.016
	0.19
	0.016
	0.047



	AC50
	Germany-2021
	this study 2021
	<0.016
	<0.016
	<0.016
	<0.016
	0.003
	<0.016
	0.016
	0.003
	<0.016



	AC58
	Germany-2021
	this study 2021
	<0.016
	<0.016
	<0.016
	<0.016
	0.002
	<0.016
	0.094
	0.023
	0.032



	AC71
	Germany-2021
	this study 2021
	<0.016
	<0.016
	<0.016
	<0.016
	<0.002
	<0.016
	<0.016
	0.002
	0.016







AMC amoxicillin/clavulanate; the isolation time was roughly calculated or estimated if not explicitly mentioned in the text of publication.
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Table 2. MIC range, together with MIC50 and MIC90, of 3 Porphyromonas gulae and 29 P. gingivalis strains subjected to this study. If defined, CLSI and EUCAST breakpoints are also given and the corresponding susceptibility.
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MIC (mg/L)

	

	

	
CLSI

	

	
EUCAST

	

	
Susceptibility (%)




	
Antibiotic

	
Range

	
50%

	
90%

	
S≤

	
I

	
R≥

	
S≤

	
R≥

	






	
Amoxicillin

	
<0.016–0.016

	
<0.016

	
<0.016

	
0.5

	
1

	
2

	
0.5

	
2

	
100%




	
AMC

	
<0.016–0.016

	
<0.016

	
<0.016

	
4/2

	
8/4

	
16/8

	
4

	
8

	
100%




	
Clindamycin

	
<0.016

	
<0.016

	
<0.016

	
2

	
4

	
8

	
4

	
4

	
100%




	
Metronidazole

	
<0.016–0.016

	
<0.016

	
<0.016

	
8

	
16

	
32

	
4

	
4

	
100%




	
Moxifloxacin

	
<0.002–0.25

	
0.003

	
0.016

	
2

	
4

	
8

	
IE

	
IE

	
100%




	
Doxycyclin

	
<0.016–0.064

	
<0.016

	
0.047

	
4

	
8

	
16

	
E

	
E

	
100%




	
Azithromycin

	
<0.016–1.5

	
0.125

	
0.25

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
100% **




	
Imipenem

	
<0.002–0.094

	
0.008

	
0.023

	
4

	
8

	
16

	
2

	
4

	
100%




	
Cefoxitin

	
<0.016–0.38

	
0.032

	
0.19

	
16

	
32

	
64

	
IE

	
IE

	
100%








S—susceptible, I—intermediate, R—resistant, n.d.—not defined; AMC—amoxicillin/clavulanate (breakpoint concentrations given for both substances). IE—insufficient evidence; E—evidence, but MIC-clinical outcome difficult to correlate; ** assumed, deduced from CLSI breakpoint for erythromycin S/I/R: 2/2/2.
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Table 3. Comparison of 16 studies (1993–2019) determining the MIC range, MIC50, and MIC90 (in mg/L) of the key periodontopathogen Porphyromonas gingivalis for 9 antibiotics (including three classes) applying different methods (see Table 2).






Table 3. Comparison of 16 studies (1993–2019) determining the MIC range, MIC50, and MIC90 (in mg/L) of the key periodontopathogen Porphyromonas gingivalis for 9 antibiotics (including three classes) applying different methods (see Table 2).





	Region [Ref.]
	N Strains
	Year Publication
	MIC
	Amoxicillin
	AMC
	Clindamycin
	Metronidazole
	Fluorochinolone
	Tetracycline
	Macrolide
	Imipenem
	Cefoxitin





	Finland [30]
	64
	1993
	Range
	<0.016–0.023 *
	n.d.
	<0.016
	<0.002–0.023
	0.019–0.75 (Cip)
	<0.016–0.047 (Dox)
	≤0.016–0.19 (Ery)
	n.d.
	n.d.



	Japan [31]
	10
	1995
	Range
	n.d.
	n.d.
	≤0.031
	≤0.031–1
	≤0.031–2 (Spa)
	0.063–0.5 (Tet)
	≤0.031–0.5 (Ery)
	n.d.
	n.d.



	Spain [32]
	31
	1998
	Range
	≤0.125–1
	n.d.
	≤0.125
	0.125–2
	n.d.
	≤0.125–0.5 (Tet)
	≤0.125–1 (Ery)
	≤0.125
	≤0.125–0.25



	Germany [33]
	26
	1999a
	Range
	≤0.25–16
	n.d.
	≤0.125–1
	≤0.25–0.5
	0.25–1 (Cip)
	0.25–32 (Dox)
	n.d.
	n.d.
	n.d.



	Germany [34]
	32
	1999b
	Range
	n.d.
	0.016–0.125
	n.d.
	0.002–0.5
	n.d.
	0.016–2 (Tet)
	n.d.
	n.d.
	n.d.



	International [35]
	31
	2004
	Range
	0.03–16 **
	≤0.06–0.5
	≤0.016–0.125
	0.06–0.5
	0.125–8 (Lev)
	n.d.
	n.d.
	≤0.016–0.03
	n.d.



	Netherlands [36]
	26
	2005a
	Range
	<0.016
	<0.016
	<0.016
	<0.016
	0.001–2 (Cip)
	0.015–0.32 (Tet)
	0.015–1.5 (Azi)
	n.d.
	n.d.



	Spain [36]
	15
	2005b
	Range
	<0.016
	<0.016
	<0.016
	<0.016
	0.15–0.75 (Cip)
	0.25–1 (Tet)
	<0.016 (Azi)
	n.d.
	n.d.



	Turkey [37]
	15
	2005c
	Range
	n.d.
	n.d.
	0.03–0.12
	0.06–0.5
	n.d.
	n.d.
	n.d.
	0.015–0.03
	n.d.



	Brazil [38]
	20
	2006
	Range
	0.016–1
	0.016–0.125
	0.016–0.125
	0.016–1.5
	n.d.
	0.016–2 (Tet)
	0.016–12 (Azi)
	n.d.
	n.d.



	Italy [39]
	32
	2007
	Range
	n.d.
	≤0.03–0.06
	≤0.03–4
	0.06–2
	0.06–4 (Lev)
	n.d.
	≤0.03–8 (Ery)
	≤0.03–0.12
	0.06–1



	Switzerland [40]
	152
	2008
	Range
	n.d.
	<0.016–0.064
	<0.016–0.125
	<0.016–0.016
	n.d.
	<0.016–2 (Tet)
	n.d.
	n.d.
	n.d.



	Colombia [41]
	51
	2010
	Range
	0.016–>256
	<0.016–0.064
	0.08 to ≥16
	0.08 to ≥16
	0.006–0.032 (Mox)
	<0.015–8 (Tet) ***
	n.d.
	n.d.
	n.d.



	Iran [42]
	50
	2011
	Range
	0.016–2
	0.016–0.125
	0.016–0.08
	0.016->1
	0.002–1 (Cip)
	0.016–0.5 (Dox)
	0.002–0.38 (Azi)
	n.d.
	n.d.



	Netherlands [43]
	50
	2012
	Range
	<0.016–0.38
	<0.016–0.25
	<0.016
	<0.016–0.032
	n.d.
	<0.016–0.75 (Tet)
	<0.016–2 (Azi)
	n.d.
	n.d.



	Morocco [44]
	70
	2019
	Range
	<0.016–0.75
	<0.016–0.75
	n.d.
	<0.016–0.094
	n.d.
	n.d.
	<0.016–1.5 (Azi)
	n.d.
	n.d.



	MIC range over all studies
	675
	1993–2019
	total MIC range
	<0.016–>256
	<0.016–0.75
	<0.016 to ≥16
	<0.002 to ≥16
	0.001–8 $
	<0.016–32 $
	≤0.016–12 $
	≤0.016–0.12
	≤0.125–1



	MIC range this study
	32
	2021
	MIC range
	<0.016–0.016
	<0.016–0.016
	<0.016
	<0.016–0.016
	<0.002–0.25 (Mox)
	<0.016–0.064 (Dox)
	<0.016–1.5 (Azi)
	<0.002–0.094
	<0.016–0.38



	Finland [30]
	64
	1993
	MIC50
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.



	Japan [31]
	10
	1995
	MIC50
	n.d.
	n.d.
	≤0.031
	0.5
	0.25
	0.25
	0.25
	n.d.
	n.d.



	Spain [32]
	31
	1998
	MIC50
	≤0.125
	n.d.
	≤0.125
	0.125
	n.d.
	0.25
	0.25
	≤0.125
	≤0.125



	Germany [33]
	26
	1999a
	MIC50
	≤0.25
	n.d.
	≤0.125
	≤0.25
	0.5
	≤0.25
	n.d.
	n.d.
	n.d.



	Germany [34]
	32
	1999b
	MIC50
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.



	International [35]
	31
	2004
	MIC50
	≤0.125
	≤0.125
	≤0.016
	≤0.125
	0.5
	n.d.
	n.d.
	≤0.016
	n.d.



	Netherlands [36]
	26
	2005a
	MIC50
	<0.016
	<0.016
	<0.016
	<0.016
	0.125
	0.015
	0.25
	n.d.
	n.d.



	Spain [36]
	15
	2005b
	MIC50
	<0.016
	<0.016
	<0.016
	<0.016
	0.25
	0.5
	<0.016
	n.d.
	n.d.



	Turkey [37]
	15
	2005c
	MIC50
	n.d.
	n.d.
	0.06
	0.12
	n.d.
	n.d.
	n.d.
	0.015
	n.d.



	Brazil [38]
	20
	2006
	MIC50
	0.016
	0.016
	0.016
	0.125
	n.d.
	0.032
	0.25
	n.d.
	n.d.



	Italy [39]
	32
	2007
	MIC50
	n.d.
	0.06
	≤0.03
	0.06
	0.06
	n.d.
	0.06
	≤0.03
	0.06



	Switzerland [40]
	152
	2008
	MIC50
	n.d.
	<0.016
	<0.016
	<0.016
	n.d.
	0.023
	n.d.
	n.d.
	n.d.



	Colombia [41]
	51
	2010
	MIC50
	0.125
	<0.016
	8
	0.256
	0.023
	n.d.
	n.d.
	n.d.
	n.d.



	Iran [42]
	50
	2011
	MIC50
	0.024
	0.016
	0.016
	0.016
	0.094
	0.032
	0.032
	n.d.
	n.d.



	Netherlands [43]
	50
	2012
	MIC50
	<0.016
	<0.016
	<0.016
	<0.016
	n.d.
	0.023
	<0.016
	n.d.
	n.d.



	Morocco [44]
	70
	2019
	MIC50
	<0.016
	<0.016
	n.d.
	<0.016
	n.d.
	n.d.
	0.19
	n.d.
	n.d.



	MIC50 range over all studies
	675
	1993–2019
	MIC50 range
	<0.016–<0.25
	<0.016-<0.125
	<0.016–8
	<0.016
	0.06–0.5
	0.015–0.75
	<0.016–0.25
	0.015–≤0.125
	0.06–≤0.125



	MIC50 this study
	32
	2021
	MIC 50
	<0.016
	<0.016
	<0.016
	<0.016
	0.003 (Mox)
	<0.016 (Dox)
	0.125 (Azi)
	0.008
	0.032



	Finland [30]
	64
	1993
	MIC90
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.



	Japan [31]
	10
	1995
	MIC90
	n.d.
	n.d.
	≤0.031
	1
	0.5
	0.5
	0.5
	n.d.
	n.d.



	Spain [32]
	31
	1998
	MIC90
	0.25
	n.d.
	≤0.125
	0.125
	n.d.
	1
	1
	≤0.125
	≤0.125



	Germany [33]
	26
	1999a
	MIC90
	≤0.25
	n.d.
	1
	0.5
	1
	16
	n.d.
	n.d.
	n.d.



	Germany [34]
	32
	1999b
	MIC90
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.



	International [35]
	31
	2004
	MIC90
	0.25
	≤0.125
	0.06
	0.5
	2
	n.d.
	n.d.
	0.03
	n.d.



	Netherlands [36]
	26
	2005a
	MIC90
	<0.016
	<0.016
	<0.016
	<0.016
	0.38
	0.023
	0.5
	n.d.
	n.d.



	Spain [36]
	15
	2005b
	MIC90
	<0.016
	<0.016
	<0.016
	<0.016
	0.75
	0.75
	<0.016
	n.d.
	n.d.



	Turkey [37]
	15
	2005c
	MIC90
	n.d.
	n.d.
	0.06
	0.5
	n.d.
	n.d.
	n.d.
	0.015
	n.d.



	Brazil [38]
	20
	2006
	MIC90
	0.125
	0.064
	0.047
	0.75
	n.d.
	0.75
	2
	n.d.
	n.d.



	Italy [39]
	32
	2007
	MIC90
	n.d.
	0.06
	0.06
	1
	0.12
	n.d.
	0.5
	0.06
	0.5



	Switzerland [40]
	152
	2008
	MIC90
	n.d.
	<0.016
	<0.016
	<0.016
	n.d.
	0.19
	n.d.
	n.d.
	n.d.



	Colombia [41]
	51
	2010
	MIC90
	>256
	<0.016
	≥16
	≥16
	0.032
	n.d.
	n.d.
	n.d.
	n.d.



	Iran [42]
	50
	2011
	MIC90
	1
	0.125
	0.047
	0.5
	0.75
	0.5
	0.38
	n.d.
	n.d.



	Netherlands [43]
	50
	2012
	MIC90
	<0.016
	<0.016
	<0.016
	<0.016
	n.d.
	0.25
	0.094
	n.d.
	n.d.



	Morocco [44]
	70
	2019
	MIC90
	0.064
	0.032
	n.d.
	0.047
	n.d.
	n.d.
	1
	n.d.
	n.d.



	MIC90 range over all studies
	675
	1993–2019
	MIC90 range
	<0.016–>256
	<0.016–0.125
	<0.016–≥16
	<0.016–≥16
	0.032–2
	0.023–16
	<0.016–2
	≤0.125–0.06
	≤0.125–0.5



	This study
	32
	2021
	MIC 90
	<0.016
	<0.016
	<0.016
	<0.016
	0.016 (Mox)
	0.047 (Dox)
	0.25 (Azi)
	0.023
	0.19







Legend: MIC—minimal inhibitory concentration, AMC—amoxicillin/clavulanate, * exceptionally ampicillin instead of amoxicillin accepted for early data on amino-penicillin; ** highly resistant strains are non-P. gingivalis Porphyromonas; *** complemented by data from Gamboa et al., 2014 [45] applying M.I.C.E on WC, n.d.—not determined, $ result over all antibiotics of this particular class; fluoroquinolones: Cip—ciprofloxacin, Spa—sparfloxacin, Mox—moxifloxacin, Lev—levofloxacin; tetracyclines: Tet—tetracycline, dox—doxycycline; macrolides: Ery—erythromycin, Azi—azithromycin.
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Table 4. Culture conditions used for MIC determination of Porphyromonas gingivalis.






Table 4. Culture conditions used for MIC determination of Porphyromonas gingivalis.





	Country
	Ref.
	Year
	Method
	Agar/Broth
	Incubation Time [h]





	Finland
	[30]
	1993
	Etest
	BBA
	96



	Japan
	[31]
	1995
	BD
	GAB
	48–72



	Spain
	[32]
	1998
	AD
	WC
	48



	Germany
	[33]
	1999a
	AD
	WC
	48



	Germany
	[34]
	1999b
	Etest
	BA
	168



	International
	[35]
	2004
	AD
	WC
	48



	The Netherlands
	[36]
	2005a
	Etest
	BA (Ox no.2)
	120



	Spain
	[36]
	2005b
	Etest
	BA (Ox no.2)
	120



	Turkey
	[37]
	2005c
	Etest
	BBA
	48



	Brazil
	[38]
	2006
	Etest
	BBA
	48



	Italy
	[39]
	2007
	MD
	BB
	48



	Switzerland
	[40]
	2008
	Etest
	BBA
	48



	Colombia
	[41]
	2010
	Etest
	BBA
	48–96



	Iran
	[42]
	2011
	Etest
	BA (Ox no.2)
	72–120



	The Netherlands
	[43]
	2012
	Etest
	BA (Ox no.2)
	≥48



	Morocco
	[44]
	2019
	Etest
	BA (Ox no.2)
	72







Legend: Etest—epsilometer agar testing, BD—broth dilution, AD—agar dilution, MD—microdilution; BBA—Brucella blood agar, GAB—Gifu anaerobic broth, WC—Wilkins–Chalgren agar, BA—blood agar (non-selective), Ox—Oxoid, BB—Brucella broth.
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