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646 Figures and Tables

647
648 Figure 1. Intra- and extracellular metabolite changes of F. nucleatum co-cultured with S. gordonii.

649 (A) Intracellular metabolite changes in F. nucleatum co-cultured with S. gordonii. 1.4x1010 cells of
650 F. nucleatum were anaerobically cultured in CDM in the lower chamber of Transwell plates with
651 membrane inserts, into which 1.4x10%0 cells of S. gordonii in CDM or an equal volume of fresh
652 CDM (as a control) were added. After 6 h, F. nucleatum cells were harvested and metabolic

653 profiles were analyzed by CE-TOFMS. OPLS-DA S-plot and score plot (inset) are shown in the
654 left panel, where metabolites towards the both sides of S-shape distribution show high model
655 influence with high reliability; putrescine was among the most impacted metabolites in co-

656  cultures. The right panel shows a clustered heatmap of intracellular metabolites with high

657  reliability in the S-plot (p(corr) >0.6). Metabolite levels are displayed as Z scores, and asterisks
658  denote significant differences in univariate methods. *p <0.05 (Mann-Whitney’s U test). (B)

659 Extracellular metabolites displaying a concentration change in co-cultures as compared to mono-
660  cultures (log2FC < -0.6, log2FC > 1 and p <0.05; Mann-Whitney’s U test). (C) Levels of the

661  selected metabolites in spent media of co-cultures and each mono-culture, determined by UPLC.
662 For this, the same procedures were repeated with the additional control of S. gordonii mono-

663  cultures. Error bars correspond to standard deviations. *p <0.05 and **p <0.01 (one-way ANOVA
664  with Tukey’s test).

665
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666

667 Figure 2. Intra- and extracellular metabolite changes of F. nucleatum co-cultured with V. parvula.
668 (A) Intracellular metabolite changes in F. nucleatum co-cultured with V. parvula. OPLS-DA score
669 plot (inset) and S-plot (left panel) show that lysine and thiamine were among the most impacted
670 metabolites in co-cultures. The right panel shows a clustered heatmap of intracellular metabolites
671  with high reliability in the S-plot (p(corr) >0.6). *p <0.05 (Mann-Whitney’s U test). (B) Extracellular
672  metabolites displaying a concentration change in co-cultures as compared to mono-cultures

673 (log2FC < -0.6, log2FC > 1 and p <0.05; Mann-Whitney’s U test). (C) Levels of the selected

674 metabolites in spent media of co-cultures and each mono-culture, determined by UPLC. Error
675 bars correspond to standard deviations. *p <0.05 and **p <0.01 (one-way ANOVA with Tukey’s
676 test).
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678
679 Figure 3. Upregulation of butyrate fermentation and polyamine production by F. nucleatum in co-

680  culture. (A) Transcriptional changes of selected genes involved in the production of butyrate and
681  polyamines by F. nucleatum when co-cultured with S. gordonii or V. parvula individually or in

682 combination. Transcripts were extracted from F. nucleatum cells following the same culture

683 conditions as those used for metabolomic assays. 16S rRNA was used for normalization.

684 Statistical differences were analyzed using a one-way ANOVA with post hoc paired comparisons
685 conducted with Dunnett’s test (p <0.05). Red denotes significantly increased levels (>1.5-fold
686 change), green decreased levels (<0.65-fold change) and gray no significant changes. (B)

687 Relative production of butyrate and ATP by F. nucleatum in each condition. The left panel shows
688 relative absorbance changes in F. nucleatum biomass after 6 h of incubation in each condition. In
689  this assay, biofilm cells were also retrieved to comprise a total biomass. Bars are representative
690  of three independent experiments and presented as the mean with SD of three biological

691 replicates. The center panel shows the Aesoo-adjusted abundance (mean £ SD) of butyrate in

692  culture supernatants from the metabolomics dataset. The right panel shows the Aeco-adjusted
693  ATP concentration in F. nucleatum cells after 6 h of incubation. F: F. nucleatum alone; FS: F.
694 nucleatum and S. gordonii; FV: F. nucleatum and V. parvula; FSV: F. nucleatum with S. gordonii
695 and V. parvula. Bars show the mean with SD of a representative experiment of five biological
696 replicates. *, p < 0.05 (versus F. nucleatum alone, calculated using ANOVA with Dunnett’s test).
697
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Figure 4. Commensal-triggered polyamine production by F. nucleatum. (A) Extracellular
concentrations of arginine, ornithine and putrescine in CDM containing 10 mM arginine incubated
anaerobically for 12 and 24 h were determined by UPLC after bacterial cells were removed.
Extracellular pH changes were also shown. (B) Shifts in the extracellular concentrations of
arginine, ornithine and putrescine in CDM containing 10 mM arginine incubated initially with S.
gordonii or F. nucleatum for 12 h then with its counterpart for additional 12 h. (C) Changes in
cadaverine concentrations were determined in supernatants of the designated cultures. Data are
shown as the means with SDs of a representative experiment of three biological replicates. (D)
Schematic of putrescine imaging. Using 2,4-diphenyl-pyranylium tetrafluoroborate (DPP-TFB),
on-tissue derivatization was performed, and the distribution of putrescine (target m/z 232.11) was
visualized through matrix-assisted laser desorption/ionization mass spectrometry imaging
(MALDI-MSI). Shown are optical images and imaging results of biofilms formed on indium-tin-
oxide (ITO)-coated glass slides by immersion for 24 h in F. nucleatum mono-cultures developed
in PBS (E) with or (F) without 10 mM ornithine. Color brightness corresponds to concentration of
putrescine.
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716 Figure 5. Effects of exogenous polyamines on biofilm growth and dispersal of P. gingivalis. (A)
717 Preformed P. gingivalis biofilms were treated anaerobically with PBS containing each polyamine
718  for 12 h and then stained with Live/Dead dyes. A series of optical fluorescence x-y sections were
719  collected by confocal microscopy. Images are representative of three independent experiments.
720 Biovolumes of dispersed planktonic cells (B) and biofilm cells (C) were measured with the Imaris
721 Isosurface function after reconstructing three-dimensional images by applying an isosurface over
722 Live/Dead-stained biomass separately per color (green/red). (D) The effects of each polyamine
723  on S. gordonii biofilms were examined as a control, following the same method. Data are
724 representative of three independent experiments and presented as the mean with SD of eight
725 random fields from one experiment. *p <0.05, **p <0.01 compared with the control using ANOVA
726  with Dunnett’s test. (E) Representative images of putrescine-treated biofilm microstructures of P.
727  gingivalis and S. gordonii, which were stained with FITC and HI, respectively, at the start of the
728  experiment. (F) P. gingivalis biofilms were formed in PBS containing 50% cell-free pH-adjusted
729  supernatants of each culture incubated anaerobically for 24 h. FS denotes cell-free supernatants
730  of mixed cultures of F. nucleatum and WT S. gordonii. FS' denotes those of F. nucleatum and S.
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731 gordonii AarcD, while F, S and S' denotes those of mono-cultures of F. nucleatum, WT and S.
732 gordonii AarcD, respectively. *p <0.05, compared with the control using ANOVA with Dunnett’s
733  test. (G) Effect of ornithine on P. gingivalis biofilms. FITC-stained P. gingivalis biofilms were

734  formed in the presence of ornithine after 24 h of incubation. Representative images of biofilm

735  architecture and biovolume of P. gingivalis are shown. (H) Effect of ornithine on P. gingivalis

736 accumulation in F. nucleatum biofilms. FITC-stained F. nucleatum biofilms (green) were formed
737  after 24 h of incubation, then gently washed with PBS and co-cultured for 24 h with DAPI-labelled
738 P. gingivalis (blue) in the presence of ornithine. Representative images, biovolumes of each

739  species and their ratios are shown. **p <0.01 compared with the control using ANOVA with

740 Dunnett’s test.

741
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742

743 Fig. 6. Cooccurrence of P. gingivalis with genetic modules for putrescine production by S.

744  gordonii and F. nucleatum in 102 plague samples. (A) Detection of P. gingivalis in supragingival
745 biofilms in states of periodontal health, mild/moderate periodontitis and severe periodontitis (left).
746 Difference in periodontal inflamed surface area (PISA), a numerical representation of periodontitis
747 severity, between P. gingivalis positive and negative samples (right). **p <0.01 compared with “no
748 disease” using chi-square test (left). **p <0.01 Mann-Whitney’s U test (right). (B) Difference in

749 abundances of S. gordonii arcD gene and F. nucleatum FNO501 gene between P. gingivalis

750 positive and negative samples. **p <0.01 Mann-Whitney’s U test. (C) ROC curves comparing the
751  discriminative performance for P. gingivalis detection using logistic regression with arcD and

752 FNO501 genes (olive), and PISA (yellow).

753
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754

755  Fig. 7. Proposed schematic model of polymicrobial metabolic synergy in the disease etiology. (A)
756 Pathogenic cross-feedings among three key species. Arginine deiminase system in S. gordonii
757 facilitates putrescine production by F. nucleatum, which could further promote the biofilm

758 overgrowth and dispersal of P. gingivalis. (B) Model depicting metabolic integration by F.

759 nucleatum within polymicrobial communities. Commensal-triggered polyamine production by F.
760 nucleatum contributes to shaping the periodontitis-associated community.
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