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Abstract

:

Studies are showing that the stress hormone cortisol can reach high levels in the gingival sulcus and induce shifts in the metatranscriptome of the oral microbiome. Interestingly, it has also been shown that cortisol can influence expression levels of Type IX Secretion System (T9SS) genes involved in gliding motility in bacteria belonging to the phylum Bacteroidota. The objective of this study was to determine if cortisol impacts gene expression and surface translocation of Porphyromonas gingivalis strain W50. To conduct these experiments, P. gingivalis was stabbed to the bottom of soft agar plates containing varying cortisol concentrations (0 μM, 0.13 μM, 1.3 μM, and 13 μM), and surface translocation on the subsurface was observed after 48 h of incubation. The results show that when grown with certain nutrients, i.e., in rich medium with the addition of sheep blood, lactate, or pyruvate, cortisol promotes migration of P. gingivalis in a concentration-dependent manner. To begin to examine the underlying mechanisms, quantitative PCR was used to evaluate differential expression of genes when P. gingivalis was exposed to cortisol. In particular, we focused on differential expression of T9SS-associated genes, including mfa5, since it was previously shown that Mfa5 is required for cell movement and cell-to-cell interactions. The data show that mfa5 is significantly up-regulated in the presence of cortisol. Moreover, an mfa5 deletion mutant showed less surface translocation compared to the wild-type P. gingivalis in the presence of cortisol, and the defects of the mfa5 deletion mutant were restored by complementation. Overall, cortisol can stimulate P. gingivalis surface translocation and this coincides with higher expression levels of T9SS-associated genes, which are known to be essential to gliding motility. Our findings support a high possibility that the stress hormone cortisol from the host can promote surface translocation and potentially virulence of P. gingivalis.
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1. Introduction


The collective pathogenic potential of an oral microbial community depends upon the susceptibility of the host, the composition of the community, and the outcome of interbacterial interactions [1]. Host susceptibility to periodontitis is the transition from host–microbe symbiosis to dysbiosis and disease, and is determined by a variety of factors such as genetics, diet, stress, or behaviors such as smoking. Among the host factors, stress has been known as a significant risk factor for a variety of diseases including periodontal disease since it can impact the composition of the commensal microbiota in the human microbiome [2]. Recent studies have shown that stress hormones, including cortisol, can induce shifts in the gene expression profile of the oral microbiome [3,4,5].



Cortisol is the most abundant glucocorticoid in humans, and its levels in saliva and serum have been shown to increase with the severity of periodontal disease [6,7]. In the oral cavity, glucocorticoids including cortisol depress immunity by inhibiting the production of secretory immunoglobulins, and neutrophil functions, all of which may disrupt homeostasis [8].



Porphyromonas gingivalis is a Gram-negative anaerobic bacterium that is strongly associated with severe periodontitis [9,10,11]. Recent reports indicate that P. gingivalis infection is also linked to systemic inflammatory disorders such as diabetes, Alzheimer’s disease, cardiovascular disease, and rheumatoid arthritis [12,13,14,15,16,17,18]. Like other members of the phylum Bacteroidota, P. gingivalis has a type IX secretion system (T9SS) that is responsible for the secretion of over thirty P. gingivalis proteins bearing a specific C-terminal domain, including the trypsin-like gingipains, which are key virulence determinants [19]. Recently, it has been proposed that cortisol can regulate expression levels of T9SS-associated genes and biofilm formation in Flavobacterium columnare, an aquatic bacterium of the phylum Bacteroidota [20]. While other Bacteroides species display a T9SS-mediated gliding motility that is readily apparent on the surface of an agar plate [19,21], P. gingivalis does not display this type of motility. However, surface translocation at the interface of soft agar and a glass or plastic surface has been demonstrated and it was determined that the T9SS and fimbrial proteins are central to this process [22].



Importantly, the metabolism of P. gingivalis is atypical. This bacterium is highly proteolytic and asaccharolytic, utilizing protein substrates as the main source for energy production and proliferation [23,24,25,26]. In addition, metabolic coupling has been discovered that allows P. gingivalis to combine amino acid fermentation with the consumption of pyruvate and lactate to generate energy. This affects not only central carbon metabolism, but also the expression of fimbrial adhesins, a requirement for surface colonization and migration [27]. P. gingivalis produces two distinct fimbriae, major fimbriae and minor fimbriae, on its cell surface [28]. The major fimbriae are encoded by the fim gene cluster with fimA as the main polymerizing subunit, fimB as the anchor, and fimC/D/E as the tip proteins. Similarly, the minor fimbriae are encoded the mfa gene cluster with mfa1 as the main polymerizing subunit, mfa2 as the anchor, and mfa3/4/5 as the tip proteins. Among the Mfa subunits, Mfa5 is unique in that it contains a C-terminal domain (CTD) that directs its secretion through the T9SS, and it also contains a von Willebrand factor type A (vWF) domain, which is widely distributed among archaea, bacteria, and eukaryotes [29,30]. vWF domains have been studied in integrins, extracellular matrix proteins, and magnesium chelatases and are known to perform diverse functions, yet vWF domains are primarily involved in protein–protein interactions or adhesion [31]. In bacteria, vWF-containing proteins at the tips of fimbrial fibers in a few Gram-positive pathogenic bacteria have been reported to play important roles in attachment to host cells [30,32,33]. Previously, it was determined that P. gingivalis loses its ability to surface translocate when the vWF-containing tip protein mfa5 is deleted [22]. Here, we show that the stress hormone cortisol can stimulate P. gingivalis surface translocation and elicit higher expression levels of T9SS-associated genes including mfa5.




2. Materials and Methods


2.1. Bacterial Strains and Culture Conditions


P. gingivalis strain W50, strain 381, and derivatives were grown on agar plates containing Todd Hewitt broth (BD BactoTM) supplemented with 5 μg/mL hemin, 1 μg/mL menadione (THBHK) and 5% defibrinated sheep blood (BAPHK) (Northeast Laboratory Services, Winslow, ME, USA), at 37 °C, in an anaerobic chamber (Coy Lab Products, Grass Lake, MI, USA) with an atmosphere containing 5% hydrogen, 10% carbon dioxide, and 85% nitrogen. Broth cultures of P. gingivalis were grown anaerobically in THBHK medium. Bacterial growth was then monitored by measuring the optical density at 600 nm and presented as the mean  ±  standard deviations (n  =  3).




2.2. Stabbing to the Subsurface of Soft Agar Plates (Macroscopic Migration Assay)


To generate plates with surface translocating cells, first, we prepared THBHK soft agar (0.35% agar) plates with and without 2.5% defibrinated sheep blood along with or without cortisol (10 μM) NAD (23 μM), pyruvate (45 mM), or lactate (45 mM). To prepare the inoculum, we grew P. gingivalis for 4 days on BAPHK plates in the anaerobic chamber, and then sub-cultured the cells to new BAPHK plates. After overnight incubation, P. gingivalis cells were removed from the surface of the agar and suspended in the 500 μL PBS. These high cell density suspensions were then normalized to an OD600 of 50.0 (determined using dilutions). To concentrate the cells further, aliquots (500 μL) of the cell suspensions were centrifuged at 5000× g for 15 min. After centrifugation, 400 μL PBS was discarded and the cells were resuspended in the remaining 100 μL of PBS. This concentrated suspension of P. gingivalis cells was used for inoculation. The cell resuspension (1 μL) was delivered through the soft agar layer until cells resided at the bottom on the polystyrene plate surface. Plates were observed after 48 of incubation for surface translocation. At least three replicates were used for each set of samples.




2.3. Construction of Mutants and in Trans Complementation


P. gingivalis strain W50 Δmfa5 was generated as previously described [34,35]. Briefly, primers were designed to generate upstream and downstream products of ~1 kb flanking mfa5, as well as an erythromycin resistance gene (ermF) obtained from plasmid pVA2198. All primers used in this study are listed in Supplementary Table S1. These oligonucleotides were used to prime PCRs using genomic DNA from P. gingivalis strain W50 and Phusion high-fidelity PCR master mix with HF buffer according to the manufacturer’s instructions. The products were purified and combined using the NEBuilder HiFi DNA Assembly Master Mix (New England BioLabs, Ipswich, MA, USA) according to the instructions provided by the manufacturer. The final product was mixed with previously frozen cells of P. gingivalis and transformed by electroporation. P. gingivalis deletion mutants were maintained by supplementing media with 10 µg mL−1 erythromycin. Complementation of the Δmfa5 mutant was performed by inserting mfa5 gene under the control of groES promoter region into plasmid pT-COW, generating pT-mfa5. Complemented strain was generated by conjugation as previously described [34,35]. In brief, BAPHK containing tetracycline (1 µg mL−1) was used to select for pT-COW containing P. gingivalis strains, and gentamicin (200 µg mL−1) was used to counterselect the E. coli S17-1 donor. Transconjugants were obtained after 7 days of anaerobic incubation. Clones were isolated, verified by PCR, and maintained on BAPHK containing tetracycline (1 µg mL−1). Details of bacterial strain and plasmid constructions are provided in Supplementary Table S2.




2.4. Microscopy Imaging


Microscopy of translocating cells was performed as previously described with slight modifications [22]. In brief, chamber slides were filled with THBHK soft agar medium (0.35% agar) containing cortisol (10 μM) plus or minus lactate (45 mM). The medium was allowed to solidify for 30 min. To prepare the inoculum, we grew P. gingivalis for 4 days on BAPHK plates in the anaerobic chamber, and then sub-cultured the cells to new BAPHK plates. After overnight incubation, P. gingivalis cells were removed from the surface of the agar and suspended in the 500 μL PBS. These high cell density suspensions were then normalized to an OD600 of 50.0 (determined using dilutions). To concentrate the cells further, aliquots (500 μL) of the cell suspensions were centrifuged at 5000 × g for 15 min. After centrifugation, 400 μL PBS was discarded and the cells were resuspended in the remaining 100 μL of PBS. This concentrated suspension of P. gingivalis cells was used for inoculation. Then, a coverslip inoculated with 0.3 μL of P. gingivalis cells at the center was inverted and placed onto the chamber filled with medium and mounted with nail polish. Imaging was performed at the interface of the agar medium and coverslip. Phase-contrast images and recorded videos were performed using an inverted Nikon Eclipse Ti microscope system (Nikon, Tokyo, Japan) equipped with a motorized stage (Nikon), an Andor Zyla 5.5 scientific complementary metal oxide semiconductor (sCMOS) camera, a Perfect Focus system, and automated controls (NIS-Elements; Nikon). The microscope was located inside a Coy anaerobic chamber under the conditions described above. Using a Nikon 100 × 1.40-numerical-aperture (NA) lens objective, surface translocation was monitored and recorded for about 20 s for 0 h and 24 h after cell inoculation. Chamber slides were also observed after 48 h of incubation using a Nikon SMZ 745T stereo microscope.




2.5. RNA Extraction, and Quantitative PCR (qPCR) Analysis


P. gingivalis strain W50 cells were stabbed into pre-reduced BAPHK soft agar with and without 10 μM cortisol in the anaerobic chamber. After 4 h of incubation, cultures were scraped off the plates in the anaerobic chamber, and the RNA extraction was performed using the Direct-zol RNA Miniprep kit (Zymo Research, Irvine, CA, USA), according to the instructions provided by the manufacturer with a slight modification. The qPCR was performed as described previously [36,37]. Briefly, cDNA was generated from 2.5 ng RNA using RNA to cDNA EcoDry premix (Clontech, Mountain View, CA, USA). For relative quantification of desired genes, qPCR was conducted in a total volume of 20 μL containing 1 μL of 1:10 diluted cDNA, a 0.5 μM concentration of each primer (Supplementary Table S1), 6 μL of PCR-grade water, and 10 μL of 2× iQ SYBR green supermix (Bio-Rad, Hercules, CA, USA). Amplification and detection of product were performed using a CFX96 Touch real-time PCR detection system (Bio-Rad), and the cycling conditions were as follows: 95 °C for 3 min and then 39 cycles of 95 °C for 20 s, 55 °C for 20 s, and 72 °C for 20 s. Fluorescence was detected after each cycle. In each experiment, the target and control samples were amplified in the same plate, and the experiments were conducted in triplicate and normalized internally using the average cycle quantification (Cq) value for the reference gene (16S rRNA). To confirm the specificity of the amplified products, automated melting curve analysis was performed.





3. Results


3.1. Cortisol Promotes Surface Translocation of P. gingivalis in a Concentration-Dependent Manner


Since it has been shown that the stress hormone cortisol can influence the expression level of Type IX Secretion System (T9SS) genes involved in gliding motility in bacteria belonging to the phylum Bacteroidota, we hypothesized that the cortisol could potentially impact the expression level of T9SS-associated genes in P. gingivalis. To determine if cortisol alters the migration of P. gingivalis, an assay was used that provides an interface between soft agar and a plastic surface. Specifically, P. gingivalis was stabbed to the subsurface of soft agar plates until cells resided at the bottom on the polystyrene plate surface, and the plates were observed after 48 h of anaerobic incubation. Interestingly, P. gingivalis cells showed activated surface translocation from the point of inoculation in the presence of 10 μM cortisol, as opposed to the control with no cortisol (Figure 1A). To test whether the impact of cortisol on surface translocation of P. gingivalis is concentration dependent, cells were stabbed to the subsurface of soft agar plates containing increasing concentrations of cortisol (0 μM, 0.13 μM, 1.3 μM, and 13 μM), and the plates were observed after 48 h of anaerobic incubation for surface translocation. As shown in Figure 1B, higher cortisol concentrations led to more migration of P. gingivalis cells. These data support the model that cortisol promotes surface translocation of P. gingivalis in a concentration-dependent manner.




3.2. Cortisol Promotes P. gingivalis Migration in Rich Medium with the Addition of Lactate or Pyruvate


Intriguingly, P. gingivalis cells showed little activated surface translocation in THBHK soft agar supplemented with cortisol in the absence of sheep blood as shown in Figure 2A. Previously, it was shown that when combined with protein, exogenous pyruvate and lactate are energy substrates for P. gingivalis that affect not only central carbon metabolism, but also the expression of fimbriae, a requirement for surface colonization [27]. Given that red blood cells contain abundant pyruvate and lactate [38,39], and that exogenous pyruvate and lactate influence P. gingivalis biofilm development, we hypothesized that cortisol can activate P. gingivalis surface translocation in rich medium with the addition of lactate or pyruvate. To determine if these monocarboxylates simply enhance growth, the growth rate of P. gingivalis in liquid cultures was tested with the addition of lactate, pyruvate, cortisol, or nicotinamide adenine dinucleotide (NAD) as a control. The data indicate that the cortisol, NAD, and lactate have no effect on the growth rate of P. gingivalis in the Todd Hewitt broth supplemented with 5 mg/mL hemin and 1 mg/mL menadione (THBHK) liquid culture, in contrast pyruvate slightly enhanced the growth in the THBHK liquid culture compared to the control (Figure 2B). To observe the surface translocation effect of cortisol, P. gingivalis cells were stabbed to the subsurface of soft agar plates containing cortisol, lactate, pyruvate, or NAD. Although cortisol cannot activate surface translocation in the THBHK soft agar supplemented with NAD (Supplementary Figure S1), P. gingivalis showed activated surface translocation in THBHK soft agar supplemented with lactate or pyruvate in the presence of cortisol (Figure 2A).



To analyze P. gingivalis behavior at the subsurface of soft agar (migration assay) in the presence and absence of cortisol via microscopy, a chamber slide system was used to microscopically observe the cells inside the anaerobic incubator. By placing P. gingivalis cells at the interface of a glass coverslip and THBHK soft agar supplemented with lactate in the presence and absence of cortisol, we were able to record short videos of surface translocating cells. Shortly after inoculation, the cells showed little movement regardless of the presence (Supplementary Video S1) or absence (Supplementary Video S2) of cortisol. However, 24 h after inoculation, the cells showed active wriggling motion with cooperative cell-on-cell rolling in the presence of cortisol (Supplementary Video S3) compared to the control (Supplementary Video S4). Overall, the results indicate that cortisol can promote surface translocation of P. gingivalis in the rich medium with the addition of sheep blood or exogenous lactate and pyruvate.




3.3. Genetic Responses of P. gingivalis Surface Translocation-Associated Genes Are Substantially Altered in the Presence of Cortisol


To determine if cortisol alters the expression level of genes in P. gingivalis, we performed quantitative reverse transcription PCR (qPCR) analysis on RNA samples extracted from subsurface P. gingivalis cells in THBHK soft agar supplemented with sheep blood with and without adding cortisol. In particular, we focused on differential expression of the T9SS-associated genes and fimbrial genes since these genes have been shown to be up-regulated during surface translocation of P. gingivalis (Figure 3A). Figure 3B represents the relative expression level of target genes of P. gingivalis in response to cortisol. The comparison of relative gene expression showed that the mfa1, mfa5 genes encoding the components of minor fimbriae were highly upregulated among various target genes. Further, we determined that cortisol in the medium coincided with the higher transcript levels of porY, sigP, porP, sprA, PG1881, fimC, rhs, ppad, porV, and porX, while the expression of gingipains (kgp, rgpA, rgpB) and hmuY remained unchanged. Overall, our data show that cortisol can up-regulate the expression level of T9SS-associated and fimbrial genes in P. gingivalis cells during migration.




3.4. The mfa5 Deletion Mutant Showed Less Surface Translocation Compared with the Parent Strain in the Presence of Cortisol


Previously, it was shown that the P. gingivalis strain 381 can surface translocate when sandwiched between two surfaces [22]. To identify the underlying mechanism controlling surface translocation in the presence of cortisol, we used four mutant strains in P. gingivalis strain 381, specifically, strains with deletions in mfa5, sprA (or sov), fimC, or ppad, since the qPCR data showed upregulated expression level of those genes in the presence of cortisol. The sprA gene encodes a major component of the envelope spanning T9SS multiprotein complex [40]. SprA is necessary for secretion of various factors including a peptidylarginine deiminase (PPAD) which converts charged arginine residues within peptides to citrulline. FimC is a tip protein of the major fimbriae. Studies have shown that this protein promotes surface attachment and biofilm formation. Lastly, Mfa5 is incorporated into the polymerization process of minor fimbriae affecting the incorporation of other accessory subunits [29]. As shown in Figure 4, the mfa5 deletion mutant showed less surface translocation compared with the wild-type 381 strain and other mutant strains in the presence of cortisol. To evaluate the effect of the loss of mfa5 in the P. gingivalis strain W50, we generated a W50 mfa5 deletion mutant and compared the mutant with the parent strain. Addition of cortisol (10 μM) showed no effect on the growth rate of P. gingivalis strain wild-type W50 and mfa5 deletion mutant in the THBHK liquid culture (Figure 5A), and the surface translocation defects of the mfa5 deletion mutant were restored by complementation (Figure 5B). Overall, our data support the model that cortisol can upregulate the expression levels of T9SS-associated genes including mfa5 and activate the surface translocation of P. gingivalis.





4. Discussion


Studies have shown that both bacterial and human hormones are important mechanisms for host–microbial interaction and the interplay is highly complex [5,41]. For instance, host hormones can affect bacterial gene expression, which in turn can impact the host’s innate immune response. A few recent studies have shown that stress hormones, including cortisol, significantly affect endogenous periodontal pathogens [3,4,5]. Cortisol levels have been shown to be higher in saliva and serum in subjects with periodontal disease [6,7]. While salivary cortisol levels have been reported to range between 0.02 ± 0.008 μM for healthy adults and the levels can increase to greater than 0.15 μM in periodontitis patients [6,42,43]; normal cortisol levels in human serum have been reported to have a broad range between 0.14 to 0.55 μM and can increase to greater than 1.24 μM in times of stress [44]. In this study, we found that P. gingivalis does not migrate far from the point of inoculation when exposed to relatively low levels of cortisol (0.13 μM), yet higher stress-level concentrations of cortisol (1.3 μM) promoted migration, and the response can be elicited in a dose dependent manner. Importantly, the impact of cortisol on surface translocation was only observed under certain growth conditions. As noted above, P. gingivalis is highly proteolytic, obtaining its nutrients from protein. To generate peptides for uptake, proteolytic enzymes are released from the cells into the environment either on outer membrane vesicles or extended out into the surrounding from the cell surface via nanotubule protrusions [45,46]. The need for P. gingivalis cells to spread proteases seems especially true in our sandwich model/migration assay where P. gingivalis is growing on a substratum and is limited for substrate. Additionally, of significance to this study, many of these secreted enzymes lyse erythrocytes. Since the primary function of erythrocytes is to bind and transport oxygen, we typically think of P. gingivalis lysing erythrocytes within bleeding pockets to obtain heme/iron. However, because erythrocytes lack mitochondria and rely completely on the glycolytic pathway to generate ATP, it follows that lysis of erythrocytes would not only releases hemoglobin (iron source), but also glycolytic metabolites, such as lactate and pyruvate into the immediate surroundings. Recently, a metabolic coupling system in P. gingivalis was identified that enables the utilization of protein coupled with exogenous pyruvate and lactate [27]. This information, combined with the fact that oral streptococci are known to be able to produce high levels of lactate, we hypothesized that select metabolites, in particular, those that are contained within erythrocytes (or produced by other bacteria), were potentially the underlying reason why the impact of cortisol on surface migration was only detected when sheep blood was provided. Indeed, our study discovered that under our assay conditions, sheep blood could be replaced with lactate or pyruvate, yet not NAD (Figure 2A and Figure S1). It is likely that other metabolites within erythrocytes or produced by other oral microbiota also impact P. gingivalis surface translocation, yet these findings provide a foundation for further studies.



In regard to the fimbrial tip protein Mfa5, in this study and in a previous study, it was confirmed that P. gingivalis loses its ability to surface translocate when mfa5 is deleted [22]. We have also shown that exposure to cortisol in the presence of sheep blood can result in higher mfa5 transcript levels, suggesting that cortisol impacts mfa5 expression, but the effect is context dependent. Importantly, disruption of the T9SS in P. gingivalis inhibits export of Mfa5 to the outer membrane, and Mfa5 is unique among the fimbrial proteins in that it is transported via the T9SS and it is a large multi-domain protein, one of which is a von Willebrand factor (vWF) domain. Since Mfa5 has a vWF domain and shows weak homology (21% identity) with RemA, a mobile cell surface adhesin [47], there is a high possibility that Mfa5 may have a similar function in P. gingivalis as a surface translocation adhesin. Additionally, of interest was the discovery that the lipoprotein encoded by PG1881, which is described as a structural homolog to FimA and Mfa1 in silico [48,49], was also upregulated in the presence of cortisol. This pilin-forming lipoprotein was found to be expressed at high levels during migration [22]. Experiments to identify the role of PG1881 in adherence and surface translocation are on-going.



Importantly, since SprA is a central component of the T9SS and essential for type IX secretion, it was expected that the sprA deletion mutant would not migrate, yet the mutant showed a low level of migration compared to the parent strain in the presence of cortisol. The simplest explanation for these results is that some T9SS cargo proteins can be secreted at a certain level via another secretion system, yet further studies are needed to clarify these findings. Lastly, one of the most remarkable discoveries of this study was that genes that encode T9SS structural proteins, including PorP, PorV, and SprA along with the PorXY two component system (TCS) and the extracytoplasmic function (ECF) sigma factor SigP that regulates the transcriptional level of T9SS genes were upregulated in the presence of cortisol. Although it is intriguing to think that the PorXY TCS may be involved in sensing cortisol and directly regulating gene expression, the mfa5 deletion mutant could be complemented in trans with a non-native promoter, suggesting that impact of cortisol is an indirect effect on mfa5 transcription. Further studies are required to determine the cortisol sensing and signal transduction mechanisms.




5. Conclusions


Our working model is that the increased level of cortisol under conditions of stress can elicit changes in P. gingivalis gene expression and activate surface translocation; in particular, exposure to cortisol in the presence of pyruvate or lactate elicits higher expression levels of T9SS-associated genes. Since the von Willebrand factor type A domain-containing proteins, such as Mfa5 at the tips of fimbrial fibers, play important roles in adhesion and surface migration, there is a high possibility that Mfa5 plays a central role in P. gingivalis surface translocation. Although the underlying mechanisms for translocation in the presence of cortisol remains to be determined, we propose that our findings open a new avenue for studying how P. gingivalis and other subgingival members of the oral Bacteroidota adjust their lifestyle in response to host hormones.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/pathogens11090982/s1, Figure S1: In the absence of blood, cortisol plates showed the same surface translocation of P. gingivalis compared to the control regardless of adding NAD; Table S1: Primers used in this study; Table S2: Strains and plasmids used in this study; Video S1: Shortly after inoculation, the cells showed little movement in the presence of cortisol; Video S2: Shortly after inoculation, the cells showed little movement in the absence of cortisol; Video S3: 24 h after inoculation, the cells showed active wriggling motion with cooperative cell-on-cell rolling in the presence of cortisol; Video S4: 24 h after inoculation, the cells showed little movement in the absence of cortisol. References [22,50,51] are cited in the supplementary materials.





Author Contributions


H.-M.K. contributed to the conception, experimental design, data acquisition, interpretation of data, and manuscript preparation. C.M.R. contributed to the data acquisition, interpretation of data, and manuscript preparation. M.E.D. contributed to the conception, experimental design, interpretation of data, and editing of the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Institute of Dental and Craniofacial Research of the National Institutes of Health under award numbers R01DE019117 and R01DE024580 awarded to M.E.D.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We thank all members of the Davey laboratory and Ana Duran-Pinedo for helpful discussions.




Conflicts of Interest


The authors declare no competing interest.




References


	



Hajishengallis, G.; Lamont, R.J. Dancing with the Stars: How Choreographed Bacterial Interactions Dictate Nososymbiocity and Give Rise to Keystone Pathogens, Accessory Pathogens, and Pathobionts. Trends Microbiol. 2016, 24, 477–489. [Google Scholar] [CrossRef] [PubMed]

	



Gur, T.L.; Worly, B.L.; Bailey, M.T. Stress and the commensal microbiota: Importance in parturition and infant neurodevelopment. Front. Psychiatry 2015, 6, 5. [Google Scholar] [CrossRef] [PubMed]

	



Jentsch, H.F.; Marz, D.; Kruger, M. The effects of stress hormones on growth of selected periodontitis related bacteria. Anaerobe 2013, 24, 49–54. [Google Scholar] [CrossRef]

	



Roberts, A.; Matthews, J.B.; Socransky, S.S.; Freestone, P.P.; Williams, P.H.; Chapple, I.L. Stress and the periodontal diseases: Effects of catecholamines on the growth of periodontal bacteria in vitro. Oral Microbiol. Immunol. 2002, 17, 296–303. [Google Scholar] [CrossRef]

	



Duran-Pinedo, A.E.; Solbiati, J.; Frias-Lopez, J. The effect of the stress hormone cortisol on the metatranscriptome of the oral microbiome. NPJ Biofilms Microbiomes 2018, 4, 25. [Google Scholar] [CrossRef]

	



Rai, B.; Kaur, J.; Anand, S.C.; Jacobs, R. Salivary stress markers, stress, and periodontitis: A pilot study. J. Periodontol. 2011, 82, 287–292. [Google Scholar] [CrossRef]

	



Ishisaka, A.; Ansai, T.; Soh, I.; Inenaga, K.; Awano, S.; Yoshida, A.; Hamasaki, T.; Sonoki, K.; Takata, Y.; Nishihara, T.; et al. Association of cortisol and dehydroepiandrosterone sulphate levels in serum with periodontal status in older Japanese adults. J. Clin. Periodontol. 2008, 35, 853–861. [Google Scholar] [CrossRef]

	



Genco, R.J.; Ho, A.W.; Kopman, J.; Grossi, S.G.; Dunford, R.G.; Tedesco, L.A. Models to evaluate the role of stress in periodontal disease. Ann. Periodontol. 1998, 3, 288–302. [Google Scholar] [CrossRef] [PubMed]

	



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]

	



Socransky, S.S.; Haffajee, A.D. Periodontal microbial ecology. Periodontology 2000 2005, 38, 135–187. [Google Scholar] [CrossRef]

	



Haffajee, A.D.; Socransky, S.S. Microbial etiological agents of destructive periodontal diseases. Periodontology 2000 1994, 5, 78–111. [Google Scholar] [CrossRef] [PubMed]

	



Singhrao, S.K.; Olsen, I. Assessing the role of Porphyromonas gingivalis in periodontitis to determine a causative relationship with Alzheimer’s disease. J. Oral Microbiol. 2019, 11, 1563405. [Google Scholar] [CrossRef] [PubMed]

	



Scher, J.U.; Abramson, S.B. Periodontal disease, Porphyromonas gingivalis, and rheumatoid arthritis: What triggers autoimmunity and clinical disease? Arthritis Res. Ther. 2013, 15, 122. [Google Scholar] [CrossRef] [PubMed]

	



Olsen, I.; Yilmaz, O. Possible role of Porphyromonas gingivalis in orodigestive cancers. J. Oral Microbiol. 2019, 11, 1563410. [Google Scholar] [CrossRef] [PubMed]

	



Koziel, J.; Mydel, P.; Potempa, J. The Link Between Periodontal Disease and Rheumatoid Arthritis: An Updated Review. Curr. Rheumatol. Rep. 2014, 16, 408. [Google Scholar] [CrossRef]

	



Carter, C.J.; France, J.; Crean, S.; Singhrao, S.K. The Porphyromonas gingivalis/Host Interactome Shows Enrichment in GWASdb Genes Related to Alzheimer’s Disease, Diabetes and Cardiovascular Diseases. Front. Aging Neurosci. 2017, 9, 408. [Google Scholar] [CrossRef]

	



Bui, F.Q.; Almeida-da-Silva, C.L.C.; Huynh, B.; Trinh, A.; Liu, J.; Woodward, J.; Asadi, H.; Ojcius, D.M. Association between periodontal pathogens and systemic disease. Biomed. J. 2019, 42, 27–35. [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]

	



Nakayama, K. Porphyromonas gingivalis and related bacteria: From colonial pigmentation to the type IX secretion system and gliding motility. J. Periodontal. Res. 2015, 50, 1–8. [Google Scholar] [CrossRef]

	



Declercq, A.M.; Cai, W.; Naranjo, E.; Thongda, W.; Eeckhaut, V.; Bauwens, E.; Arias, C.; De La Fuente, L.; Beck, B.H.; Lange, M.D.; et al. Evidence that the stress hormone cortisol regulates biofilm formation differently among Flavobacterium columnare isolates. Vet. Res. 2019, 50, 24. [Google Scholar] [CrossRef]

	



Sato, K.; Naito, M.; Yukitake, H.; Hirakawa, H.; Shoji, M.; McBride, M.J.; Rhodes, R.G.; Nakayama, K. A protein secretion system linked to bacteroidete gliding motility and pathogenesis. Proc. Natl. Acad. Sci. USA 2010, 107, 276–281. [Google Scholar] [CrossRef]

	



Moradali, M.F.; Ghods, S.; Angelini, T.E.; Davey, M.E. Amino acids as wetting agents: Surface translocation by Porphyromonas gingivalis. ISME J. 2019, 13, 1560–1574. [Google Scholar] [CrossRef]

	



Grenier, D.; Gauthier, P.; Plamondon, P.; Nakayama, K.; Mayrand, D. Studies on the aminopeptidase activities of Porphyromonas gingivalis. Oral Microbiol. Immunol. 2001, 16, 212–217. [Google Scholar] [CrossRef] [PubMed]

	



Lamont, R.J.; Jenkinson, H.F. Life below the gum line: Pathogenic mechanisms of Porphyromonas gingivalis. Microbiol. Mol. Biol. Rev. 1998, 62, 1244–1263. [Google Scholar] [CrossRef] [PubMed]

	



Oda, H.; Saiki, K.; Tonosaki, M.; Yajima, A.; Konishi, K. Participation of the secreted dipeptidyl and tripeptidyl aminopeptidases in asaccharolytic growth of Porphyromonas gingivalis. J. Periodontal Res. 2009, 44, 362–367. [Google Scholar] [CrossRef] [PubMed]

	



Madej, M.; White, J.B.R.; Nowakowska, Z.; Rawson, S.; Scavenius, C.; Enghild, J.J.; Bereta, G.P.; Pothula, K.; Kleinekathoefer, U.; Basle, A.; et al. Structural and functional insights into oligopeptide acquisition by the RagAB transporter from Porphyromonas gingivalis. Nat. Microbiol. 2020, 5, 1016–1025. [Google Scholar] [CrossRef]

	



Moradali, M.F.; Davey, M.E. Metabolic plasticity enables lifestyle transitions of Porphyromonas gingivalis. NPJ Biofilms Microbiomes 2021, 7, 46. [Google Scholar] [CrossRef]

	



Enersen, M.; Nakano, K.; Amano, A. Porphyromonas gingivalis fimbriae. J. Oral Microbiol. 2013, 5, 20265. [Google Scholar] [CrossRef]

	



Hasegawa, Y.; Iijima, Y.; Persson, K.; Nagano, K.; Yoshida, Y.; Lamont, R.J.; Kikuchi, T.; Mitani, A.; Yoshimura, F. Role of Mfa5 in Expression of Mfa1 Fimbriae in Porphyromonas gingivalis. J. Dent. Res. 2016, 95, 1291–1297. [Google Scholar] [CrossRef]

	



Heidler, T.V.; Ernits, K.; Ziolkowska, A.; Claesson, R.; Persson, K. Porphyromonas gingivalis fimbrial protein Mfa5 contains a von Willebrand factor domain and an intramolecular isopeptide. Commun. Biol. 2021, 4, 106. [Google Scholar] [CrossRef]

	



Whittaker, C.A.; Hynes, R.O. Distribution and evolution of von Willebrand/integrin A domains: Widely dispersed domains with roles in cell adhesion and elsewhere. Mol. Biol. Cell 2002, 13, 3369–3387. [Google Scholar] [CrossRef] [PubMed]

	



Konto-Ghiorghi, Y.; Mairey, E.; Mallet, A.; Dumenil, G.; Caliot, E.; Trieu-Cuot, P.; Dramsi, S. Dual role for pilus in adherence to epithelial cells and biofilm formation in Streptococcus agalactiae. PLoS Pathog. 2009, 5, e1000422. [Google Scholar] [CrossRef] [PubMed]

	



Nielsen, H.V.; Guiton, P.S.; Kline, K.A.; Port, G.C.; Pinkner, J.S.; Neiers, F.; Normark, S.; Henriques-Normark, B.; Caparon, M.G.; Hultgren, S.J. The metal ion-dependent adhesion site motif of the Enterococcus faecalis EbpA pilin mediates pilus function in catheter-associated urinary tract infection. mBio 2012, 3, e00177-12. [Google Scholar] [CrossRef] [PubMed]

	



Kim, H.M.; Davey, M.E. Synthesis of ppGpp impacts type IX secretion and biofilm matrix formation in Porphyromonas gingivalis. NPJ Biofilms Microbiomes 2020, 6, 5. [Google Scholar] [CrossRef]

	



Kim, H.M.; Ranjit, D.K.; Walker, A.R.; Getachew, H.; Progulske-Fox, A.; Davey, M.E. A Novel Regulation of K-antigen Capsule Synthesis in Porphyromonas gingivalis Is Driven by the Response Regulator PG0720-Directed Antisense RNA. Front. Oral Health 2021, 2, 701659. [Google Scholar] [CrossRef]

	



Kim, H.M.; Park, Y.H.; Yoon, C.K.; Seok, Y.J. Histidine phosphocarrier protein regulates pyruvate kinase A activity in response to glucose in Vibrio vulnificus. Mol. Microbiol. 2015, 96, 293–305. [Google Scholar] [CrossRef]

	



Park, Y.H.; Lee, C.R.; Choe, M.; Seok, Y.J. HPr antagonizes the anti-sigma70 activity of Rsd in Escherichia coli. Proc. Natl. Acad. Sci. USA 2013, 110, 21142–21147. [Google Scholar] [CrossRef]

	



Mulquiney, P.J.; Kuchel, P.W. Model of 2,3-bisphosphoglycerate metabolism in the human erythrocyte based on detailed enzyme kinetic equations: Equations and parameter refinement. Biochem. J. 1999, 342 Pt 3, 581–596. [Google Scholar]

	



Kuchel, P.W.; Chapman, B.E.; Lovric, V.A.; Raftos, J.E.; Stewart, I.M.; Thorburn, D.R. The relationship between glucose concentration and rate of lactate production by human erythrocytes in an open perfusion system. Biochim. Biophys. Acta 1984, 805, 191–203. [Google Scholar] [CrossRef]

	



Lauber, F.; Deme, J.C.; Lea, S.M.; Berks, B.C. Type 9 secretion system structures reveal a new protein transport mechanism. Nature 2018, 564, 77–82. [Google Scholar] [CrossRef]

	



Neuman, H.; Debelius, J.W.; Knight, R.; Koren, O. Microbial endocrinology: The interplay between the microbiota and the endocrine system. FEMS Microbiol. Rev. 2015, 39, 509–521. [Google Scholar] [CrossRef]

	



Kobayashi, H.; Miyazaki, Y. Distribution characteristics of salivary cortisol measurements in a healthy young male population. J. Physiol. Anthr. 2015, 34, 30. [Google Scholar] [CrossRef] [PubMed]

	



Cakmak, O.; Tasdemir, Z.; Aral, C.A.; Dundar, S.; Koca, H.B. Gingival crevicular fluid and saliva stress hormone levels in patients with chronic and aggressive periodontitis. J. Clin. Periodontol. 2016, 43, 1024–1031. [Google Scholar] [CrossRef] [PubMed]

	



Sam, S.; Corbridge, T.C.; Mokhlesi, B.; Comellas, A.P.; Molitch, M.E. Cortisol levels and mortality in severe sepsis. Clin. Endocrinol. 2004, 60, 29–35. [Google Scholar] [CrossRef]

	



Vermilyea, D.M.; Moradali, M.F.; Kim, H.M.; Davey, M.E. PPAD Activity Promotes Outer Membrane Vesicle Biogenesis and Surface Translocation by Porphyromonas gingivalis. J. Bacteriol. 2021, 203, e00343-20. [Google Scholar] [CrossRef] [PubMed]

	



Vermilyea, D.M.; Ottenberg, G.K.; Davey, M.E. Citrullination mediated by PPAD constrains biofilm formation in P. gingivalis strain 381. NPJ Biofilms Microbiomes 2019, 5, 7. [Google Scholar] [CrossRef] [PubMed]

	



Shrivastava, A.; Rhodes, R.G.; Pochiraju, S.; Nakane, D.; McBride, M.J. Flavobacterium johnsoniae RemA is a mobile cell surface lectin involved in gliding. J. Bacteriol. 2012, 194, 3678–3688. [Google Scholar] [CrossRef]

	



Gui, M.J. Characterization of the Porphyromonas gingivalis Protein PG1881 and Its Roles in Outer Membrane Vesicle Biogenesis and Biofilm Formation. Ph.D. Thesis, Melbourne Dental School, Melbourne, Australia, 2016. [Google Scholar]

	



Xu, Q.; Shoji, M.; Shibata, S.; Naito, M.; Sato, K.; Elsliger, M.A.; Grant, J.C.; Axelrod, H.L.; Chiu, H.J.; Farr, C.L.; et al. A Distinct Type of Pilus from the Human Microbiome. Cell 2016, 165, 690–703. [Google Scholar] [CrossRef]

	



Matsumoto-Mashimo, C.; Guerout, A.M.; Mazel, D. A new family of conditional replicating plasmids and their cognate Escherichia coli host strains. Res. Microbiol. 2004, 155, 455–461. [Google Scholar] [CrossRef]

	



Gardner, R.G.; Russell, J.B.; Wilson, D.B.; Wang, G.R.; Shoemaker, N.B. Use of a modified Bacteroides-Prevotella shuttle vector to transfer a reconstructed beta-1,4-D-endoglucanase gene into Bacteroides uniformis and Prevotella ruminicola B(1)4. Appl. Environ. Microbiol. 1996, 62, 196–202. [Google Scholar] [CrossRef]








[image: Pathogens 11 00982 g001 550] 





Figure 1. Cortisol promotes surface translocation of P. gingivalis in a concentration-dependent manner. Todd Hewitt broth supplemented with 5 μg/mL hemin, 1 μg/mL menadione (THBHK) soft agar (0.35% agar) with 2.5% defibrinated sheep blood was used for the migration assay. Cortisol was added as indicated. (A) In the presence of 10 μM cortisol, there is activated movement from the point of inoculation, as opposed to the control. (B) P. gingivalis cells were stabbed to the subsurface of soft agar plates containing varying cortisol concentrations (0 μM, 0.13 μM, 1.3 μM, and 13 μM), and the plates were observed after 48 h of incubation for surface translocation. Experiments were performed independently at least three times with similar results, and a representative of the results is shown. 
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Figure 2. In the absence of blood, cortisol promotes surface translocation of P. gingivalis in the rich medium with the addition of lactate or pyruvate. (A) THBHK and 0.35% soft agar without sheep blood were used for the surface translocation analysis, and cortisol (10 μM), lactate (45 mM), or pyruvate (45 mM) were added as indicated. Plates were imaged after 48 h of incubation. Experiments were performed independently at least three times with similar results and a representative of the results is shown. (B) Growth curve showing that the cortisol has no effect on the growth rate in the THBHK liquid culture. Cortisol (10 μM), NAD (23 μM), pyruvate (45 mM) or lactate (45 mM) added as indicated. Points indicate the mean values, and error bars indicate standard deviations from three technical replicates. 
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Figure 3. Transcript levels of P. gingivalis genes previously shown to be linked to surface translocation are substantially altered in the presence of cortisol. (A) Schematic illustration represents surface proteins of P. gingivalis. Since T9SS genes have been shown to be up-regulated during surface translocation, we focused on differential expression of the T9SS-associated genes. The number of rectangles reflects the number of proteins involved in a given system. OM; outer membrane, IM; inner membrane. (B) Quantitative PCR was used to evaluate differential expression of genes integral to surface translocation when P. gingivalis was exposed to cortisol. The results are presented as the relative levels (mean ± S.D. of triplicate determinations) compared with the transcript levels of the strain W50 in the absence of cortisol. The data were analyzed using the Student’s t-test. * p ≤ 0.05, ** p ≤ 0.01, n.s. p > 0.05. 
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Figure 4. Stabbing of wild-type P. gingivalis strain 381 and its derivatives into blood agar plate in the absence and presence of cortisol. THBHK soft agar (0.35% agar) with 2.5% defibrinated sheep blood were used for the surface translocation analysis, cortisol added as indicated. Plates were imaged after 48 h of incubation for migration from the point of inoculation. Experiments were performed independently at least three times with similar results and a representative of the results is shown. 
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Figure 5. The surface translocation defects of the mfa5 deletion mutant were restored by complementation. (A) Wild-type W50 and the Δmfa5 mutant were grown in THBHK liquid media in the presence and absence of cortisol. Points indicate the mean values, and error bars indicate standard deviations from three replications. (B) When the mfa5 deletion mutant was complemented by a plasmid (pT-mfa5), surface translocation was restored. THBHK soft agar (0.35% agar) with 2.5% defibrinated sheep blood was used for the migration assay, and cortisol was added as indicated. Plates were imaged after 48 h of incubation for surface translocation. Experiments were performed independently at least three times with similar results, and a representative of the results is shown. 
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