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There is a critical need to accurately diagnose, prevent, and treat biofilms in humans. The biofilm forming P. aeruginosa bacteria can cause acute and chronic infections, which are difficult to treat due to their ability to evade host defenses along with an inherent antibiotic-tolerance. Using an untargeted NMR-based metabolomics approach, we identified statistically significant differences in 52 metabolites between P. aeruginosa grown in the planktonic and lawn biofilm states. Among them, the metabolites of the cadaverine branch of the lysine degradation pathway were systematically decreased in biofilm. Exogenous supplementation of cadaverine caused significantly increased planktonic growth, decreased biofilm accumulation by 49% and led to altered biofilm morphology, converting to a pellicle biofilm at the air-liquid interface. Our findings show how metabolic pathway differences directly affect the growth mode in P. aeruginosa and could support interventional strategies to control biofilm formation.
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Introduction

Pseudomonas aeruginosa is a Gram-negative, opportunistic pathogen that exhibits resistance to many antibiotics, leading to acute and chronic infections in immunocompromised individuals (Hall-Stoodley et al., 2004). In 2017 the World Health Organization rated P. aeruginosa as a priority pathogen for research and development of new treatment strategies (Tacconelli et al., 2017). P. aeruginosa’s persistence is in part attributed to its ability to form biofilms, in which the cells are embedded in a gel-like matrix of self-produced extracellular polymeric substances (EPS), such as polysaccharides, proteins, and DNA. Biofilms have been shown to be up to 1,000 times more resistant to antibiotics than their planktonic counterparts and evade host immune responses (Lewis, 2001). P. aeruginosa biofilms are prevalent in respiratory illnesses such as cystic fibrosis, chronic wounds, and device related surgical site infections, among other conditions (Hall-Stoodley et al., 2004), yet there is a lack of effective strategies for diagnosis, prevention, and mitigation of biofilms.

Previous studies have begun to provide evidence for the vast physical and molecular differences between planktonic and biofilm growth modes, such as changes in motility (O'Toole and Kolter, 1998), quorum sensing (Wagner et al., 2007), and certain genomic (Whiteley et al., 2001), transcriptomic (Waite et al., 2005; Cornforth et al., 2018), and proteomic (Sauer et al., 2002) characteristics. Yet, these analyses identified many genes and proteins differentially expressed in biofilm that are not quorum-sensing related and some with no putative function (Whiteley et al., 2001; Sauer et al., 2002; Cornforth et al., 2018). This reflects that our understanding of signaling processes is still limited, and there likely exist unidentified regulons involved in biofilm formation. There is still much to uncover about the underlying biological mechanisms involved in the transition from planktonic to biofilm state along with a clear need for new experimental approaches and analysis methods (Toyofuku et al., 2016).

Complementary to other omics approaches, the comprehensive identification and quantification of small molecules involved in metabolic pathways (Sussulini, 2017) via metabolomics is particularly promising. Metabolites reflect the downstream changes of genes and enzymes, therefore, metabolomics will directly capture a snapshot of activity in the cells related to the growth mode (Sussulini, 2017). The power of nuclear magnetic resonance (NMR)-based metabolomics stems from its ability to highly reproducibly and non-destructively detect and quantify all abundant metabolites in a complex mixture in an untargeted manner (Gowda and Raftery, 2015; Markley et al., 2017).

Metabolomics has been used to gain insight into the molecular mechanism of biofilm formation in other bacterial pathogens (Yeom et al., 2013; Stipetic et al., 2016; Favre et al., 2018; Lu et al., 2019; Rieusset et al., 2020; Tang et al., 2021), but a comprehensive and quantitative analysis of metabolic changes involved in biofilm formation in P. aeruginosa is still missing (Gjersing et al., 2007; Zhang and Powers, 2012; Borgos et al., 2015). Detailed elucidation of major shifts in metabolic pathways in planktonic versus biofilm phenotypes has the potential to identify mechanisms of metabolic regulation, new targets for prevention and mitigation, and specific metabolic signatures for diagnosis of biofilms. Our study demonstrates NMR-based metabolomics as a viable approach to provide an unbiased, fully quantitative analysis to reveal metabolic pathway changes associated with the biofilm phenotype.

Here, we use 2D NMR spectroscopy to perform an untargeted metabolomics analysis of P. aeruginosa PAO1 grown planktonically and statically as a biofilm lawn for comparative analysis. Many metabolites identified show significant concentration changes between the two growth modes, including metabolites in the lysine degradation pathway (LDP). Using targeted metabolite supplementation with crystal violet (CV) staining and microscopy the differential role of this pathway could be unambiguously established suggesting new strategies toward biofilm monitoring and control.



Materials and Methods


Bacterial Strains, Growth Media, and Culturing Methods

P. aeruginosa strain PAO1 (Wilson et al., 2004) cultures were grown in lysogeny broth (LB) (Sigma Aldrich) shaking at 220 rpm at 37°C for 24 hours (hrs) to OD600 ≈ 1.0. Cultures were diluted in LB to OD600 = 0.1 then grown in LB culture or plated for metabolomics experiments. PAO1 was grown planktonically in 50 mL LB at 220 rpm at 37°C for 24 hrs (n = 9) and as a biofilm on LB plates (28.4 cm2) containing 1.5% (w/v) agar, statically, at 37°C in 5% CO2 for 48 hrs (n = 9). A red fluorescent PAO1 strain carrying a constitutively expressed Td-tomato producing plasmid pMQ400 (Locke et al., 2020), was cultured with 50 μg/mL gentamicin and utilized for visualization. PAO1 strain Xen41 (Xenogen Corp.), a luminescent strain carrying a constitutively expressed luxCDABE cassette, was utilized for visualization. CFU/mL (n = 6) and CFU/mL × cm2 (n = 4) were measured for planktonic and biofilm cultures, respectively, for metabolomics measurements by the microdilution plating technique (Pfeltz et al., 2001).



Metabolomics Sample Preparation

Planktonic cultures were harvested by centrifugation at 4,300 × g for 20 min at 4°C. The pellet was washed by 1 mL phosphate-buffered saline (PBS) and transferred into a microcentrifuge tube (Eppendorf). Biofilm cultures were harvested by scraping with a sterile loop and transferring the biomass into two microcentrifuge tubes per sample due to the limited tube capacity. Samples were immediately re-suspended in 600 μL cold 1:1 methanol (Fisher)/double distilled H2O (ddH2O) for quenching. 300 μL of 1.4 mm stainless-steel beads (SSB14B) were added and cells were homogenized and lysed by a Bullet Blender (24 Gold BB24-AU by Next Advance) at a speed of 8 for 9 min at 4°C (Fuchs et al., 2016). An additional 500 μL 1:1 methanol/ddH2O was added and the sample was centrifuged at 14,000 × g for 10 min at 4°C to remove beads and solid debris. The supernatant was transferred to a 50 mL conical tube and 1:1:1 methanol/ddH2O/chloroform (Fisher) was added for a total volume of 24 mL (Bligh and Dyer, 1959; Leggett et al., 2019). The sample was vortexed and centrifuged at 4,300 × g for 20 min at 4°C for phase separation. The aqueous phase was collected, the methanol content was reduced using rotary evaporation, and lyophilized overnight. Before lyophilization 100 μL of each sample was saved for mass spectrometry (3.3% of total sample). For NMR measurements, the samples were re-suspended in 200 μL of NMR buffer (50 mM sodium phosphate buffer in D2O at pH 7.2 with 0.1 mM DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid) for referencing) and centrifuged at 20,000 × g for 15 min at 4°C for removal of any residual protein content. The pellet was washed with 100 μL NMR buffer and the supernatants were combined and transferred to a 3 mm NMR tube with a Teflon cap and sealed with parafilm.



NMR Experiments and Processing

NMR spectra were collected at 298 K on a Bruker AVANCE III HD 850 MHz solution-state spectrometer equipped with a cryogenically cooled TCI probe. 2D 1H-1H TOCSY spectra were collected (Bruker pulse program “dipsi2ggpphpr”) with 256 complex t1 and 2048 complex t2 points for a measurement time of 4 hrs. The spectral widths along the indirect and direct dimensions were 10,202.0 and 10,204.1 Hz and the number of scans per t1 increment was 14. 2D 13C-1H HSQC spectra (Bruker pulse program “hsqcetgpsisp2.2”) were collected with 512 complex t1 and 2048 complex t2 points for a measurement time of 16 hrs. The spectral widths along the indirect and direct dimensions were 34206.2 and 9375.0 Hz and the number of scans per t1 increment was 32. The transmitter frequency offset values were 75 ppm in the 13C dimension and 4.7 ppm in the 1H dimension for all experiments. NMR data was zero-filled four-fold in both dimensions, apodized using a cosine squared window function, Fourier-transformed, and phase-corrected using NMRPipe (Delaglio et al., 1995).



NMR-Based Metabolomics Data Analysis

HSQC and TOCSY spectra were uploaded to the new COLMARq web server (Supplementary Figure 2) for peak picking, peak alignment, metabolite identification, metabolite quantification via Gaussian fitting, spectral normalization via a factor based on the average, median 30% peak volume ratios between an arbitrarily selected reference spectrum, and univariate statistical analysis between cohorts. Multivariate statistical analysis, hierarchical clustering analysis and heatmap visualization, and metabolite box plot analysis was performed via MetaboAnalyst (Xia et al., 2009). Metabolites were mapped to pathways via the KEGG PATHWAY database (Kanehisa et al., 2017).



Mass Spectrometry Experiments

Lyophilized sample was dissolved in 1:1 acetonitrile (ACN)/ddH2O (v/v) with 0.1% formic acid and diluted 1×108-fold for direct injection into a Q Exactive Plus Orbitrap mass spectrometer by ThermoFisher Scientific (resolving power of 280,000 and mass accuracy of <1 ppm). The instrument was internally calibrated with Thermo Scientific Pierce LTQ Velos ESI positive ion calibration solution and run in positive ion mode. The ionization method was electrospray ionization of 3.5 V. The mass range was set to 50-500 m/z. The flow rate was 3 μL/min with 0.9 scans/sec. Peak picking was done by PyOpenMS using a Gaussian width of 0.5. Peaks with amplitudes larger than one order of magnitude above the background were included as true peaks.



Crystal Violet Staining Assays

Cadaverine (Sigma Aldrich) 5 or 10 mM stocks were prepared in LB and sterile filtered with a 0.2 μM filter. PAO1 overnight cultures were diluted to OD600 = 0.17 in LB with cadaverine in a concentration ranging from 0-3.30 mM. Cultures were plated in 96-well microtitre plates in at least triplicate, and incubated statically at 37°C in 5% CO2 for 24 hrs. Outer edge wells were filled with PBS to avoid “edge effects” due to evaporation (Sudhir K. Shukla, 2017). OD600 was measured to quantify planktonic growth. Liquid media was gently aspirated and wells were washed three times with 150 μL PBS. Adhered biofilm was stained with 125 μL of 0.1% crystal violet (CV) in 20% ethanol in ddH2O (v/v) for 30 min. CV was gently aspirated, wells were washed five times with 150 μL PBS, and CV was solubilized with 150 μL 33% glacial acetic acid in ddH2O (v/v) by shaking gently at 100 rpm at room temperature for 25 min. CV was quantified at OD590 to report biofilm accumulation. LB blanks were averaged and subtracted from readings. Control PAO1 wells were averaged and all measurements were normalized to control measurements per plate and reported as percent change from control.



Confocal Laser Scanning Microscopy (CLSM)

PAO1 overnight cultures were diluted to OD600 = 0.17 in LB with 0 or 3.30 mM cadaverine in 35 × 10 mm confocal dishes and incubated statically at 37°C in 5% CO2 for 24 hrs. Liquid media was aspirated and adhered biofilm was stained with SYTO 9 for 10 min and washed with PBS. CLSM stitched images were collected (n=5) with a laser power of 4.5% under 10X magnification using an Olympus FluoView FV10i CLSM. Mean gray scale value and surface area coverage were quantified using Fiji (Schindelin et al., 2012).



Culture Growth and Imaging By Photo, Dissecting Microscope, and IVIS

PAO1 Td-tomato or Xen41 cultures were grown similarly to CLSM cultures described above. iPhone 8 images were taken in a controlled well-lit environment. The air-liquid interface was imaged using an Amscope dissecting microscope with an MU500 camera. Xen41 light emission was detected with an IVIS Lumina II system (Caliper LifeSciences) as an indicator of biofilm activity.



Statistical Analysis

All assays were performed in at least three independent replicates. Two-tailed unpaired Student’s t-tests were used for significant differences between groups. P-values below 0.05 were considered statistically significant. Metabolomics results were checked for multiple comparisons testing using the Benjamini-Hochberg false discovery rate (FDR) test (Benjamini and Hochberg, 1995). All error bars represent one standard error.




Results


Untargeted Metabolomics Analysis of P. aeruginosa in Planktonic and Biofilm States

The metabolic differences between wild-type (WT) P. aeruginosa PAO1 grown in the free-floating planktonic and static lawn biofilm phenotypes were identified by NMR-based metabolomics and further investigated following the workflow in Figure 1. Lawn biofilms are known to generate large amounts of biomass and have been used to mimic bacterial growth on soft surfaces such as mucosal surfaces and tissue (Dusane et al., 2019; Hoiby et al., 2019). After growth both planktonic and biofilm samples yielded cultures of similar cell numbers for processing for NMR measurements (Supplementary Figure 1). All 2D NMR spectra were semi-automatically analyzed using our newly developed in-house COLMARq web server (Supplementary Figure 2) Representative planktonic and biofilm 2D 13C-1H HSQC spectra are shown as color-coded overlays in Figure 2A, with 1,302 distinct cross-peaks reflecting the rich content of detectable metabolites in these samples. A large number of peaks were only present either in the planktonic or the biofilm cultures signifying the presence of metabolites unique to each phenotype (Figure 2A). Of all cross-peaks, 436 were matched to known metabolites in the COLMAR database (Bingol et al., 2016). The remaining 866 HSQC peaks belong to “unknown” metabolites (Supplementary Table 1).




Figure 1 | Metabolomics workflow to perform untargeted NMR-based metabolomics measurements, identify major metabolite changes, and test the role of the metabolites of interest. From the top left following the arrows: planktonic and biofilm PAO1 samples are prepared, and metabolites are extracted and measured by NMR; metabolites are then quantified and mapped to pathways for a biological interpretation; differentially quantified metabolites are tested to interpret their role in mode of growth. For example, there are significant decreases in the cadaverine pathway metabolites in biofilm compared to planktonic. When cadaverine is supplemented to the culture, biofilm accumulation is significantly reduced and morphology is altered. Created with Biorender.com.






Figure 2 | Metabolomics data analysis shows many unique metabolic differences between the biofilm and planktonic phenotypes. (A) Overlay of a representative region of the 2D 13C-1H HSQC spectra of a representative biofilm (red; bottom) and planktonic (blue; top) culture with select regions enlarged exemplifying peaks unique to each growth mode. Statistical analysis of metabolomics data distinguishes between biofilm and planktonic cohorts. Two-dimensional score plots for (B) principal component analysis (PCA) and (C) partial least squares discriminant analysis (PLS-DA) of biofilm (red) and planktonic (blue) sample cohorts (n=9) based on quantitation of identified metabolites show clustering of sample cohorts with no overlap of the ellipses (ellipses represent 95% confidence intervals), displaying good separation between and repeatability within cohorts. The heatmap (D) uses hierarchical clustering by Ward’s method and Euclidean distance to accurately cluster samples into their respective cohorts and the color scale shows metabolite fold changes between cohorts.





Multivariate Analysis of Metabolomics Data by PCA and PLS-DA

Changes in quantitative metabolite concentrations were analyzed by both unsupervised and supervised multivariate statistical analysis methods, namely principal component analysis (PCA) and partial least squares discriminant analysis (PLS-DA) (Figures 2B, C). Both analyses organized the planktonic and biofilm samples into well-defined clusters and the groups did not show any overlap of the 95% confidence regions. The score plots of both analyses show a PC1 that comprises 75.2% of the variance in the entire data, which was dominated by the mean separation between the biofilm and planktonic sample cohorts. The PC2’s comprise 13.8% and 6.0% of the data variance for PCA and PLS-DA, respectively, which mostly reflect intra-cohort variability.



Metabolites Differing Significantly Between Planktonic and Biofilm

All metabolites reported were identified with high confidence using the COLMARm method (Bingol et al., 2016) by querying 13C-1H HSQC spectra against the COLMAR database with subsequent confirmation by 2D 1H-1H TOCSY. A total of 66 unique metabolites, visualized in the heatmap in Figure 2D, were identified and quantified for comparison between planktonic and biofilm cohorts. Hierarchical clustering by Ward’s method and Euclidean distance show biofilm and planktonic samples were distinctly clustered into two groups (Figure 2D). Among the 66 distinct metabolites detected, the majority showed significant differences between the planktonic and biofilm phenotypes. 26 metabolites had a fold change greater than two, 52 metabolites had a statistically significant difference with p<0.05, 44 metabolites with p<0.01, and 14 metabolites with p<1.00×10-7. An additional 14 metabolites showed no significant change (Supplementary Table 2) with many of them likely to be serving as housekeeping metabolites, including 11 amino acids and their conjugates or involvement in central metabolism, such as glycolysis and the TCA cycle.

For the comparative quantitative analysis, we treat the planktonic metabolite quantities as reference and report relative changes in the biofilm. Metabolites with the most notable differences, having a fold change greater than two and p<0.05, include 14 metabolites in biofilm that were significantly increased and 11 metabolites that were significantly decreased (Supplementary Table 2). Selected metabolites with interpreted potential roles are shown in Figure 3. A majority of metabolites whose abundance increased in biofilm were carbohydrate-related, such as mono- and disaccharides, sugar acids and alcohols, which increased from four to 102-fold. The only identified carbohydrate with the opposite trend was mannose, with about a six-fold decrease in biofilm. This is consistent with previous studies, which suggested that mannose acts as a competitive inhibitor of bacterial adherence by binding adhesion proteins or lectins in both E. coli and P. aeruginosa (Hauck et al., 2013; Scaglione et al., 2021). Weak organic acids (WOA) such as lactic and acetic acid were significantly decreased in biofilm about 10-fold and three-fold, respectively (Figure 3). A recent study showed that addition of lactic and acetic acid to culture in E. coli reduced production of extracellular polymeric substances, inhibited quorum sensing, and reduced biofilm formation (Amrutha et al., 2017). Therefore, lactic and acetic acid may also play a role in establishing growth mode in P. aeruginosa, favoring the planktonic phenotype.




Figure 3 | Notable metabolite differences between planktonic and biofilm include intermediates of the cadaverine branch of the lysine degradation pathway (LDP), weak organic acids, and carbohydrate-related metabolites. Box plots represent a metabolite fold change analysis between biofilm (red) and planktonic (blue) cohorts (n=9). The black circles represent independent sample values, boxes represent upper and lower quartiles, black bars represent median, yellow diamonds (♦) represent mean value, whiskers represent minimum and maximum values, and asterisks denote significance (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by unpaired, two-tailed t-test).



In addition to the metabolites identified by querying the HSQC spectrum against known metabolites, 66.5% of the HSQC peaks belong to compounds that could not be matched to metabolites in the COLMAR database. Of these “unknown” peaks, 493 show statistically significant differences between planktonic and biofilm cohorts (Supplementary Table 1). Based on the average number of identified peaks per known metabolite, these “unknown” signals could belong to an estimated 75 additional metabolites differing significantly in quantity between phenotypes. Identification of the unknown metabolites and linking them to new proteins and biochemical pathways is an opportunity to advance our understanding of other biochemical changes that accompany the phenotypic changes and may offer new targets for biofilm control.



Identification of the Lysine Degradation Pathway for Its Possible Role in P. aeruginosa Growth Mode

Three metabolites including cadaverine (biofilm/planktonic = 0.02; p = 8.74 × 10-5), 5-aminopentanoic acid (biofilm/planktonic = 0.14; p = 2.17 × 10-4), and glutaric acid (biofilm/planktonic = 0.05; p = 7.03 × 10-8) (Figures 3, 4) were found to be significantly decreased in biofilm and could be mapped on the cadaverine branch of the LDP (Figure 4) using the KEGG PATHWAY database (Fothergill and Guest, 1977; Indurthi et al., 2016; Kanehisa et al., 2017). The LDP is an important link in central metabolism as lysine is typically taken up from the growth media via transport channels and degraded to glutaric acid, which enters the tricarboxylic acid (TCA) cycle (Knorr et al., 2018). The majority of metabolites of the cadaverine branch of the LDP were detected and quantified by our NMR-based metabolomics analysis, namely lysine, cadaverine, 5-aminopentanoic acid, and glutaric acid (Figure 4). Since other intermediates of the LDP, namely 5-aminopentanal and glutarate semialdehyde, were not present in the COLMAR database, their presence based on NMR spectra alone is unknown. However, based on mass spectrometry they are likely to be present as at least one common adduct of each of these metabolites was detected within less than 0.77 ppm of their expected mass. All metabolites in the cadaverine pathway were detected by mass spectrometry for additional confirmation except for glutaric acid, which contains two carboxylic acid groups that are negatively charged and therefore may not be detectable in positive ion mode used here (Supplementary Table 3). While many metabolites of the cadaverine branch of the LDP were significantly different, lysine did not show a significant fold change (biofilm/planktonic = 0.69; p = 0.21) (Figures 3, 4).




Figure 4 | Metabolites of the cadaverine branch of the lysine degradation pathway are significantly down-regulated in biofilm compared to planktonic cultures. Lysine is degraded to supplement the TCA cycle to increase cellular respiration. Metabolites identified and quantified by NMR show a fold change (FC) (biofilm/planktonic) (n=9) and asterisks denote significance (***p < 0.001, ****p < 0.0001 by unpaired, two-tailed t-test). Metabolites with at least one common adduct detected by mass spectrometry by direct injection in positive ion mode with a mass error of <0.77 ppm are denoted by a black diamond (♦).





Exogenous Supplementation of Cadaverine Increases Planktonic Growth and Inhibits Biofilm Accumulation

Cadaverine belongs to a class of compounds known as polyamines, which have been reported to perform multiple roles in bacteria with links to cell growth, proliferation, bacterial carcinogenesis, escape from phagolysosomes, bacteriocin production, natural product synthesis, toxin activity, protection from oxidative and acidic stress, and electrostatic interactions (Shah and Swlatlo, 2008; Michael, 2016). Polyamines, such as spermidine and putrescine, have been shown to play a direct role in biofilm formation in Vibrio cholera, Yersinia pestis, E. coli, Bacillus subtilis, and Neisseria gonorrheoae (Karatan and Michael, 2013), yet it remains unknown whether there is a common function of polyamines in all biofilm-forming bacteria. Of the LDP intermediates, we find that cadaverine shows the largest difference between phenotypes and therefore may play a role in establishing growth mode. It is known that metabolites of a targeted pathway can be supplemented to trigger rapid changes in enzyme activity leading to reprogrammed metabolic activity (Wegner et al., 2015). To test this possibility for the cadaverine branch of the LDP, we supplemented cadaverine to the growth media in a concentration range of 0 - 3.30 mM and concurrently measured planktonic growth by OD600 and biofilm accumulation by crystal violet (CV) staining elution at OD590 after 24 hrs. With the addition of cadaverine, planktonic growth increased significantly whereas biofilm accumulation decreased significantly (Figures 5A, B). Moreover, addition of cadaverine was not bactericidal as the OD600 increased at most concentrations. Planktonic growth increases in a somewhat cadaverine-concentration dependent manner, however not all concentrations altered growth significantly, which is likely due to the variability in the planktonic samples. Planktonic growth increased maximally by 20.5 ± 4.2% with 3.30 mM cadaverine (Figure 5A). This contrasts the biofilm response to exogenous cadaverine: at low cadaverine concentration (25 μM) biofilm accumulation increased marginally before systematically decreasing with 200 μM to 3.30 mM cadaverine, leveling off at a 49.0 ± 3.5% decrease at the highest cadaverine concentration (Figure 5B). These results suggest that exogenous supplementation of cadaverine stimulates planktonic growth and inhibits biofilm accumulation post inoculation.




Figure 5 | Microtitre plate assays show cadaverine supplementation significantly increases planktonic growth and decreases biofilm accumulation post inoculation. Planktonic growth (A) and biofilm accumulation (B) are measured by OD600 and crystal violet staining elution at OD590, respectively, after supplementation of 0-3.30mM cadaverine to the growth media for 24 hrs (n=18). Values are normalized to the control wells (no cadaverine) in each plate and reported as a percent change from control and asterisks denote significance (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by unpaired, two-tailed t-test). (A) Planktonic growth significantly increases at several cadaverine concentrations, maximally by 21%. (B) Biofilm accumulation significantly decreases in a cadaverine concentration dependent manner, maximally by 49%.



Because of its basic nature, cadaverine supplementation increased the pH of the media by up to 0.8 pH units (Supplementary Figure 3A) with the pH remaining in the normal growth range for P. aeruginosa (Klein et al., 2009). This small pH change by itself did not cause increased planktonic growth or reduced biofilm accumulation, as increasing the pH by addition of sodium hydroxide in lieu of cadaverine caused no systematic significant change in planktonic growth or biofilm accumulation (Supplementary Figure 3B).



Confirmation of Cadaverine Inhibition of Biofilm Accumulation by Confocal Laser Scanning Microscopy

To independently confirm the CV elution results by an alternative method, biofilm accumulation was measured by CLSM. 3.30 mM cadaverine was supplemented to the growth media in a confocal dish. At 24 hrs, samples were stained with SYTO 9 and stitched confocal images were collected and quantified by Fiji (Schindelin et al., 2012) (Figure 6A). Mean grayscale value (Figure 6B) showed a significant reduction in biofilm accumulation of 54.5 ± 26.0% and surface area coverage (Figure 6C) showed a significant reduction in biofilm accumulation by 79.8 ± 55.1%. Both visual inspection and quantification of the biofilm images show variation among replicates, likely partially due to the inherently heterogeneous nature of biofilms (Stewart and Franklin, 2008). Despite the heterogeneity, the average effect shows significant reduction in biofilm accumulation with cadaverine supplementation.




Figure 6 | Stitched confocal microscopy images show a significant reduction in biofilm accumulation with cadaverine by image quantification. (A) 3.30mM cadaverine (cad) is supplemented to the PAO1 culture in a 35 by 10mm dish, grown 24 hrs, stained with SYTO 9, and stitched confocal images (n=5; paired to control cultures) are taken at laser power 4.5%. Scale bars in the lower right corner of images represent 0.2 cm. Images are quantified in Fiji by (B) mean grayscale value and (C) surface area coverage with the auto threshold set to 13 and asterisks denote significance (*p < 0.05, **p < 0.01 by unpaired, two-tailed t-test). Mean grayscale value and surface area coverage show 55% and 80% reduction in biofilm accumulation, respectively, with supplementation of cadaverine.





Exogenous Supplementation of Cadaverine Inhibits Biofilm Accumulation in the Presence of Pre-Formed Biofilm

To investigate whether cadaverine could also inhibit biofilm accumulation in the presence of pre-formed biofilm, cultures were grown for 24 hrs then supplemented with cadaverine and grown an additional 24 hrs for OD600 and CV staining elution. Planktonic growth was significantly increased by 5.8 ± 1.8% (Supplementary Figure 4A) and biofilm accumulation was significantly decreased by 39.8 ± 2.5% (Supplementary Figure 4B). These results are consistent with the previous assay, demonstrating that addition of cadaverine stimulates planktonic growth and inhibits biofilm accumulation, even in the presence of pre-formed biofilm.



Exogenous Supplementation of Cadaverine Causes a Macroscopic Alteration in Biofilm Morphology

The aforementioned assays measured biofilm accumulation of surface-attached biofilm after aspiration, washing, and staining. We also report a macroscopic alteration of biofilm morphology in standing liquid culture dishes grown for 24 hrs with cadaverine. The P. aeruginosa Td-tomato strain, utilized for visualization, supplemented with cadaverine showed a significant increase in planktonic growth by OD600 (Supplementary Figure 5A) and significant reduction in biofilm accumulation by CV staining elution (Supplementary Figure 5B), similarly to WT PAO1.

Representative macroscopic images of cultures in Figure 7A revealed altered biofilm morphology in the presence of supplemented cadaverine. In control cultures the biofilm appears in a web-like structure that is well attached and localized at the bottom of the dish. With 3.30 mM cadaverine, the biofilm appears more aggregate-like, in a pellicle, which consists of many small areas of biofilm accumulation toward the air-liquid interface (Figure 7A). The air-liquid interface of the cultures was imaged using an AmScope MU500 camera with an AmScope dissecting microscope, showing a microscopic image of the areas of pellicle biofilm appearing at the air-liquid interface with the addition of cadaverine (Figure 7B). In the control, no biofilm growth appears at the air-liquid interface.




Figure 7 | Cadaverine supplementation causes altered biofilm morphology to pellicle biofilm at the air-liquid interface that is metabolically active. Representative iPhone8 photos (scale bar = 2.9mm) (A) and dissecting microscope images of culture air-liquid interfaces (scale bar = 0.14mm) (B) are taken of PAO1 Td-tomato supplemented with 3.30mM cadaverine (cad) showing pellicle biofilm. Representative iPhone8 photos (scale bar = 3.6mm) (C), dissecting microscope images of culture air-liquid interfaces (scale bar = 0.18mm) (D), and IVIS images of air-liquid interfaces (scale bar = 3.8mm) with red being the most metabolically active (scale on right of images) (E) are shown of PAO1 Xen41 supplemented with 3.30mM cadaverine. Cadaverine supplementation leads to biofilm formation at the air-liquid interface compared to the control, where biofilm is localized to the bottom of the dish.



Macroscopic photos, dissecting microscope images, and IVIS images in Figures 7C–E were also collected with the constitutive bioluminescent PAO1 derivative Xen41. Representative photos (Figure 7C) and dissecting microscope images (Figure 7D) of the air-liquid interface similarly showed pellicle biofilm with cadaverine supplementation. To determine the metabolic state of the bacteria within the pellicle and surrounding supernatant, we utilized an IVIS imaging system, which captures light from bioluminescence that is proportional to the cell numbers and metabolic activity. IVIS images of cultures with cadaverine supplemented show that the pellicle biofilm emits more light, which is proportional to the accumulation of more cells in biofilm at the air-liquid interface (Figure 7E). The light production is localized to the areas of pellicle, indicating that they are metabolically active (Figure 7E and Supplementary Figure 6). In contrast, biofilm attached at the bottom of the dish in the control cultures emits low levels of luminescence, likely resulting from reduced oxygen and a limited dynamic range with the strong signal collected at the air-liquid interface of the test cultures. Therefore, along with significantly less total biofilm accumulation, cadaverine supplementation stimulates the altered macroscopic morphology to a pellicle biofilm. We also found the cadaverine-induced pellicle biofilm was more easily aspirated than the more strongly attached, web-like control biofilm (Figure 7). This likely contributes to the reduced surface-attached biofilm accumulation measured via the CV assay and microscopy (Figures 5, 6).




Discussion

Our untargeted NMR-based metabolomics approach enabled us to uncover specific metabolites and pathways involved in regulation of growth mode and biofilm formation. Of the significant metabolite changes identified by our new COLMARq web server, the cadaverine branch of the LDP was the pathway that showed the most significant differences between planktonic and biofilm phenotypes, with significant reduction in the biofilm phenotype. Exogenous supplementation of cadaverine to cultures significantly stimulated planktonic growth and inhibited biofilm accumulation (Figure 5). This suggests exogenous supplementation of cadaverine may reprogram cellular metabolism to maintain a more planktonic-like metabolic state leading to reduced biofilm formation. To our knowledge, this is the first association of the cadaverine pathway to biofilm accumulation in P. aeruginosa. Other polyamines have been shown to play varied roles in biofilm formation in other pathogens (Rojo, 2010), indicating that the role of each polyamine is specific, requiring a separate mechanistic investigation for each system.

The observed stimulation of planktonic growth by cadaverine reported here may be related to previous findings of possible roles of cadaverine, including combatting cellular stress (Miller-Fleming et al., 2015; Soksawatmaekhin et al., 2004), increase of cell viability in the stationary phase (Sakamoto et al., 2012), stimulation of protein synthesis (Igarashi and Kashiwagi, 2018), and increase of cellular respiration and growth (Nie et al., 2017; Knorr et al., 2018), thereby contributing to the favoring of the planktonic phenotype. Polyamines in E. coli have been shown to form complexes with RNA, stimulate assembly of the ribosome, and increase general protein synthesis about two-fold (Igarashi and Kashiwagi, 2018), which may contribute to increased growth. The cadaverine pathway also increases cellular respiration by supplementing the TCA cycle (Nie et al., 2017; Knorr et al., 2018). Metabolic intermediates such as cadaverine and glutaric acid serve as better carbon and nitrogen sources than lysine itself (Fothergill and Guest, 1977; Indurthi et al., 2016). Since nutrient restriction has been associated with stimulating biofilm formation (Zhang et al., 2012), increased metabolic activity in P. aeruginosa may generally favor the planktonic phenotype.

Alternatively, inhibition of biofilm accumulation by cadaverine may be related to its ability to alter adhesion protein expression (Torres et al., 2005). Restoration of lysine decarboxylase after inhibition to produce cadaverine in E. coli led to reduced production of intimin, an adhesion protein (Torres et al., 2005). Therefore, cadaverine may act on biofilm matrix components contributing to more weakly attached biofilms and reduced biofilm accumulation.

Another proposed mechanism of the regulation of biofilm formation in P. aeruginosa is modulation of the second messenger bis-(3’-5’)-cyclic dimeric guanosine monophosphate (c-di-GMP) (Romling et al., 2013; Randall et al., 2021). In most cases, the mechanism that leads to alterations in c-di-GMP levels is unknown (Barrientos-Moreno et al., 2020). However, a most recent study shows that the polyamine putrescine and its metabolic precursor L-arginine increase biofilm formation in P. aeruginosa, at least in part through increasing c-di-GMP levels (Liu et al., 2021). Cadaverine production through lysine catabolism is coupled with arginine metabolism via the arginine-responsive regulator (Chou et al., 2010). This association could suggest that cadaverine regulates biofilm formation in part through affecting c-di-GMP levels. Measuring metabolic pathway changes and c-di-GMP after exogenous cadaverine supplementation is an interesting future direction to inform further on metabolic mechanisms underlying biofilm regulation.

Our findings highlight the potential of NMR-based metabolomics as a viable tool for diagnosis and identification of new targets for prevention and control of P. aeruginosa infection and biofilm. Detection of certain types of infections, such as periprosthetic joint infection, is difficult and requires time-consuming culturing methods, making early and pathogen-specific intervention unfeasible in many cases and there are no clinical biomarkers for the presence of biofilms (Glaudemans et al., 2019; Wasterlain et al., 2020). As a highly reproducible and quantitative method, NMR spectroscopy has the potential to identify metabolite biomarkers or fingerprints of infection in bodily fluids such as serum and synovial fluid (Hugle et al., 2012; Ammons et al., 2014; Palama et al., 2016). With 782 HSQC peaks identified that manifest significant concentration fold changes (up to 100-fold) between P. aeruginosa planktonic and biofilm, unique metabolites or metabolomic signatures, if detectable in vivo, could be used as culture-free diagnostic markers. These markers have the potential to enable rapid identification of bacterial growth mode and to aid in deciding the optimal treatment. In addition, combining biofilm-controlling compounds with antibiotics has been identified as an effective strategy to control biofilm infections (Estrela and Abraham, 2010). We found supplementation of cadaverine did not have a bactericidal or bacteriostatic effect while reducing biofilm accumulation post inoculation and in the presence of pre-formed biofilm, indicating that it could act to reduce biofilm formation and potentially increase susceptibility to antibiotics. Previous studies have shown cadaverine enhances the effectiveness of many β-lactams against P. aeruginosa (Kwon and Lu, 2006; Manuel et al., 2010). Cadaverine is a natural metabolite found in all living organisms (Miller-Fleming et al., 2015) and can stem from microbiota or have endogenous origin (Amin et al., 2021). Cadaverine supplementation shows low acute oral toxicity at 2,000 mg/kg body weight in rats (Til et al., 1997), and negligible cytotoxicity up to 70 mM in HT29 intestinal cells (del Rio et al., 2019). Therefore, adding cadaverine to the P. aeruginosa infection prevention or treatment course is a potentially viable new strategy that warrants further investigation.

Our quantitative untargeted metabolomics approach can be directly applied to the characterization of biofilm versus planktonic phenotypes of P. aeruginosa and other biofilm-forming bacteria in growth media and environments other than those studied here. Our cultures were grown in LB media that contains a mixture of carbon sources including amino acids and glucose among other nutrients. P. aeruginosa utilizes a carbon catabolite repression system to select preferred carbon sources and optimize growth in various environments (Karatan and Michael, 2013). P. aeruginosa prefers organic acids or amino acids over standard nutrients like glucose. With preferred nutrients available, we detected alteration of the LDP, an amino acid pathway, to modulate growth between planktonic and biofilm phenotypes. Utilizing other growth conditions will provide more insight about the generality of the role of the lysine degradation pathway in P. aeruginosa biofilm formation or even may lead to the identification of other endogenous metabolites that can be used to modulate biofilm growth. In addition, utilizing clinical isolates and mimicking specific environments, for example artificial sputum in the case of cystic fibrosis lung infections or synovial fluid in the case of periprosthetic knee or hip joint infections, is expected to provide important new information about metabolic pathways associated with biofilm growth in specific conditions.

In conclusion, we have identified and quantified many specific metabolic differences between P. aeruginosa planktonic and biofilm phenotypes and discovered that the cadaverine pathway is linked to the establishment of the growth mode. Exogenous cadaverine supplementation to cultures led to stimulated planktonic growth, inhibited biofilm accumulation by up to 49%, and induced macroscopic pellicle biofilm structure. Our findings identify cadaverine and the LDP as a potential target for prevention and mitigation of P. aeruginosa biofilm infections. Additional studies of the effect of cadaverine metabolism in P. aeruginosa clinical isolates and the virulence and persistence of the induced pellicle biofilm in vivo are needed. Beyond cadaverine alone, treatment with a mixture of LDP pathway intermediates or other endogenous metabolites that are decreased in the biofilm phenotype could further increase effectiveness in modulating growth mode. Further advances in our understanding of the precise role of metabolic regulation in biofilm formation open new possibilities to the modulation of growth mode in P. aeruginosa. The metabolomics approach used here should be applicable to other biofilm-forming bacteria to deepen our understanding of the existence and role of metabolic pathways in these pathogens.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.



Author Contributions

Conceptualization and design: AL, LB-L, RB, and PS. Investigation: AL, DS, AS, and NR. Data analysis: AL and DL. Figures: AL and NR. Writing of the original draft: AL, RB, and PS. All authors read and approved the final version of the manuscript.



Funding

This work was supported by the National Institutes of Health [grants R01GM124436 (to PS), R01GM066041, and R35GM139482 (to RB)] and by a pilot grant from the Department of Microbial Infection and Immunity in the College of Medicine at OSU. 



Acknowledgments

All NMR experiments were performed at the CCIC NMR facility at The Ohio State University.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2022.833269/full#supplementary-material

  


  

References

 Amin, M., Tang, S. Y., Shalamanova, L., Taylor, R. L., Wylie, S., Abdullah, B. M., et al. (2021). Polyamine Biomarkers as Indicators of Human Disease. Biomarkers 26, 77–94. doi: 10.1080/1354750X.2021.1875506

 Ammons, M. C., Tripet, B. P., Carlson, R. P., Kirker, K. R., Gross, M. A., Stanisich, J. J., et al. (2014). Quantitative NMR Metabolite Profiling of Methicillin-Resistant and Methicillin-Susceptible Staphylococcus Aureus Discriminates Between Biofilm and Planktonic Phenotypes. J. Proteome Res. 13 (6), 2973–2985. doi: 10.1021/pr500120c

 Amrutha, B., Sundar, K., and Shetty, P. H. (2017). Effect of Organic Acids on Biofilm Formation and Quorum Signaling of Pathogens From Fresh Fruits and Vegetables. Microb. Pathogenesis 111, 156–162. doi: 10.1016/j.micpath.2017.08.042

 Barrientos-Moreno, L., Molina-Henares, M. A., Ramos-Gonzalez, M. I., and Espinosa-Urgel, M. (2020). Arginine as an Environmental and Metabolic Cue for Cyclic Diguanylate Signalling and Biofilm Formation in Pseudomonas Putida. Sci. Rep-Uk 10, 13623. doi: 10.1038/s41598-020-70675-x

 Benjamini, Y., and Hochberg, Y. (1995). Controlling the False Discovery Rate - a Practical and Powerful Approach to Multiple Testing. J. R Stat. Soc. B 57, 289–300. doi: 10.1111/j.2517-6161.1995.tb02031.x

 Bingol, K., Li, D. W., Zhang, B., and Brüschweiler, R. (2016). Comprehensive Metabolite Identification Strategy Using Multiple Two-Dimensional NMR Spectra of a Complex Mixture Implemented in the COLMARm Web Server. Anal. Chem. 88, 12411–12418. doi: 10.1021/acs.analchem.6b03724

 Bligh, E. G., and Dyer, W. J. (1959). A Rapid Method of Total Lipid Extraction and Purification. Can. J. Biochem. Phys. 37, 911–917. doi: 10.1139/y59-099

 Borgos, S. E. F., Skjastad, R., Tondervik, A., Aas, M., Aasen, I. M., Brunsvik, A., et al. (2015). Rapid Metabolic Profiling of Developing Pseudomonas Aeruginosa Biofilms by High-Resolution Mass Spectrometry Fingerprinting. Ann. Microbiol. 65, 891–898. doi: 10.1007/s13213-014-0930-z

 Chou, H. T., Hegazy, M., and Lu, C. D. (2010). L-Lysine Catabolism Is Controlled by L-Arginine and ArgR in Pseudomonas Aeruginosa PAO1. J. Bacteriol 192, 5874–5880. doi: 10.1128/JB.00673-10

 Cornforth, D. M., Dees, J. L., Ibberson, C. B., Huse, H. K., Mathiesen, I. H., Kirketerp-Moller, K., et al. (2018). Pseudomonas Aeruginosa Transcriptome During Human Infection. P Natl. Acad. Sci. U.S.A. 115, E5125–E5134. doi: 10.1073/pnas.1717525115

 del Rio, B., Redruello, B., Linares, D. M., Ladero, V., Ruas-Madiedo, P., Fernandez, M., et al. (2019). The Biogenic Amines Putrescine and Cadaverine Show In Vitro Cytotoxicity at Concentrations That can be Found in Foods. Sci. Rep. 9, 120. doi: 10.1038/s41598-018-36239-w

 Delaglio, F., Grzesiek, S., Vuister, G. W., Zhu, G., Pfeifer, J., and Bax, A. (1995). Nmrpipe - A Multidimensional Spectral Processing System Based on Unix Pipes. J. Biomol Nmr 6, 277–293. doi: 10.1007/BF00197809

 Dusane, D. H., Lochab, V., Jones, T., Peters, C. W., Sindeldecker, D., Das, A., et al. (2019). Electroceutical Treatment of Pseudomonas Aeruginosa Biofilms. Sci. Rep-Uk 9 (1). doi: 10.1038/s41598-018-37891-y

 Estrela, A. B., and Abraham, W. R. (2010). Combining Biofilm-Controlling Compounds and Antibiotics as a Promising New Way to Control Biofilm Infections. Pharmaceuticals. 3, 1374–1393. doi: 10.3390/ph3051374

 Favre, L., Ortalo-Magne, A., Pichereaux, C., Gargaros, A., Burlet-Schiltz, O., Cotelle, V., et al. (2018). Metabolome and Proteome Changes Between Biofilm and Planktonic Phenotypes of the Marine Bacterium Pseudoalteromonas Lipolytica TC8. Biofouling 34, 132–148. doi: 10.1080/08927014.2017.1413551

 Fothergill, J. C., and Guest, J. R. (1977). Catabolism of L-Lysine by Pseudomonas-Aeruginosa. J. Gen. Microbiol. 99, 139–155. doi: 10.1099/00221287-99-1-139

 Fuchs, A., Tripet, B. P., Ammons, M. C. B., and Copie, V. (2016). Optimization of Metabolite Extraction Protocols for the Identification and Profiling of Small Molecule Metabolites From Planktonic and Biofilm Pseudomonas Aeruginosa Cultures. Curr. Metabol 4, 141–147. doi: 10.2174/2213235X04666151126203043

 Gjersing, E. L., Herberg, J. L., Horn, J., Schaldach, C. M., and Maxwell, R. S. (2007). NMR Metabolornics of Planktonic and Biofilm Modes of Growth in Pseudomonas Aeruginesa. Anal. Chem. 79, 8037–8045. doi: 10.1021/ac070800t

 Glaudemans, A., Jutte, P. C., Cataldo, M. A., Cassar-Pullicino, V., Gheysens, O., Borens, O., et al. (2019). Consensus Document for the Diagnosis of Peripheral Bone Infection in Adults: A Joint Paper by the EANM, EBJIS, and ESR (With ESCMID Endorsement). Eur. J. Nucl. Med. Mol. Imaging. 46 (4), 957–970. doi: 10.1007/s00259-019-4262-x

 Gowda, G. A. N., and Raftery, D. (2015). Can NMR Solve Some Significant Challenges in Metabolomics? J. Magn. Reson. 260, 144–160. doi: 10.1016/j.jmr.2015.07.014

 Hall-Stoodley, L., Costerton, J. W., and Stoodley, P. (2004). Bacterial Biofilms: From the Natural Environment to Infectious Diseases. Nat. Rev. Microbiol. 2, 95–108. doi: 10.1038/nrmicro821

 Hauck, D., Joachim, I., Frommeyer, B., Varrot, A., Philipp, B., Moller, H. M., et al. (2013). Discovery of Two Classes of Potent Glycomimetic Inhibitors of Pseudomonas Aeruginosa LecB With Distinct Binding Modes. ACS Chem. Biol. 8, 1775–1784. doi: 10.1021/cb400371r

 Hoiby, N., Henneberg, K. A., Wang, H. S., Stavnsbjerg, C., Bjarnsholt, T., Ciofu, O., et al. (2019). Formation of Pseudomonas Aeruginosa Inhibition Zone During Tobramycin Disk Diffusion is Due to Transition From Planktonic to Biofilm Mode of Growth. Int. J. Antimicrob. Ag 53, 564–573. doi: 10.1016/j.ijantimicag.2018.12.015

 Hügle, T., Kovacs, H., Heijnen, I. A., Daikeler, T., Baisch, U., Hicks, J. M., et al. (2012). Synovial Fluid Metabolomics in Different Forms of Arthritis Assessed by Nuclear Magnetic Resonance Spectroscopy. Clin. Exp. Rheumatol. 30 (2), 240–245.

 Igarashi, K., and Kashiwagi, K. (2018). Effects of Polyamines on Protein Synthesis and Growth of Escherichia Coli. J. Biol. Chem. 293 (48), 18702–18709. doi: 10.1074/jbc.TM118.003465

 Indurthi, S. M., Chou, H. T., and Lu, C. D. (2016). Molecular Characterization of lysR-lysXE, gcdR-gcdHG and amaR-amaAB Operons for Lysine Export and Catabolism: A Comprehensive Lysine Catabolic Network in Pseudomonas Aeruginosa PAO1. Microbiol-Sgm 162, 876–888. doi: 10.1099/mic.0.000277

 Kanehisa, M., Furumichi, M., Tanabe, M., Sato, Y., and Morishima, K. (2017). KEGG: New Perspectives on Genomes, Pathways, Diseases and Drugs. Nucleic Acids Res. 45, D353–D361. doi: 10.1093/nar/gkw1092

 Karatan, E., and Michael, A. J. (2013). A Wider Role for Polyamines in Biofilm Formation. Biotechnol. Lett. 35, 1715–1717. doi: 10.1007/s10529-013-1286-3

 Klein, S., Lorenzo, C., Hoffmann, S., Walther, J. M., Storbeck, S., Piekarski, T., et al. (2009). Adaptation of Pseudomonas Aeruginosa to Various Conditions Includes tRNA-Dependent Formation of Alanyl-Phosphatidylglycerol. Mol. Microbiol. 71, 551–565. doi: 10.1111/j.1365-2958.2008.06562.x

 Knorr, S., Sinn, M., Galetskiy, D., Williams, R. M., Wang, C. H., Muller, N., et al. (2018). Widespread Bacterial Lysine Degradation Proceeding via Glutarate and L-2-Hydroxyglutarate. Nat. Commun. 9 (1), 5071. doi: 10.1038/s41467-018-07563-6

 Kwon, D. H., and Lu, C. D. (2006). Polyamines Increase Antibiotic Susceptibility in Pseudomonas Aeruginosa. Antimicrob. Agents Ch. 50, 1623–1627. doi: 10.1128/Aac.50.5.1623-1627.2006

 Leggett, A., Wang, C., Li, D. W., Somogyi, A., Bruschweiler-Li, L., and Brüschweiler, R. (2019). Identification of Unknown Metabolomics Mixture Compounds by Combining NMR, MS, and Cheminformatics. Method Enzymol. 615, 407–422. doi: 10.1016/bs.mie.2018.09.003

 Lewis, K. (2001). Riddle of Biofilm Resistance. Antimicrob. Agents Ch 45, 999–1007. doi: 10.1128/AAC.45.4.999-1007.2001

 Liu, Z., Hossain, S. S., Morales Moreira, Z., and Haney, C. H. (2021). Putrescine and its Metabolic Precursor Arginine Promote Biofilm and C-Di-GMP Synthesis in Pseudomonas Aeruginosa. J. Bacteriol. 204 (1), e0029721. doi: 10.1128/JB.00297-21

 Locke, L. W., Shankaran, K., Gong, L., Stoodley, P., Vozar, S. L., Cole, S. L., et al. (2020). Evaluation of Peptide-Based Probes Toward In Vivo Diagnostic Imaging of Bacterial Biofilm-Associated Infections. ACS Infect. Dis. 6, 2086–2098. doi: 10.1021/acsinfecdis.0c00125

 Lu, H. T., Que, Y. M., Wu, X., Guan, T. B., and Guo, H. (2019). Metabolomics Deciphered Metabolic Reprogramming Required for Biofilm Formation. Sci. Rep-Uk 9 (1), 13160. doi: 10.1038/s41598-019-49603-1

 Manuel, J., Zhanel, G. G., and de Kievit, T. (2010). Cadaverine Suppresses Persistence to Carboxypenicillins in Pseudomonas Aeruginosa PAO1. Antimicrob. Agents Ch. 54, 5173–5179. doi: 10.1128/Aac.01751-09

 Markley, J. L., Brüschweiler, R., Edison, A. S., Eghbalnia, H. R., Powers, R., Raftery, D., et al. (2017). The Future of NMR-Based Metabolomics. Curr. Opin. Biotech. 43, 34–40. doi: 10.1016/j.copbio.2016.08.001

 Michael, A. J. (2016). Polyamines in Eukaryotes, Bacteria, and Archaea. J. Biol. Chem. 291, 14896–14903. doi: 10.1074/jbc.R116.734780

 Miller-Fleming, L., Olin-Sandoval, V., Campbell, K., and Ralser, M. (2015). Remaining Mysteries of Molecular Biology: The Role of Polyamines in the Cell. J. Mol. Biol. 427 (21), 3389–3406. doi: 10.1016/j.jmb.2015.06.020

 Nie, H. Y., Nie, M. Q., Xiao, T., Wang, Y., and Tian, X. T. (2017). Hexadecane Degradation of Pseudomonas aeruginosa NY3 Promoted by Glutaric Acid. Sci. Total Environ. 575, 1423–1428. doi: 10.1016/j.scitotenv.2016.09.223

 O'Toole, G. A., and Kolter, R. (1998). Flagellar and Twitching Motility are Necessary for Pseudomonas Aeruginosa Biofilm Development. Mol. Microbiol. 30, 295–304. doi: 10.1046/j.1365-2958.1998.01062.x

 Palama, T. L., Canard, I., Rautureau, G. J. P., Mirande, C., Chatellier, S., and Elena-Herrman, B. (2016). Identification of Bacterial Species by Untargeted NMR Spectroscopy of the Exo-Metabolome. Analyst 141, 4558–4561. doi: 10.1039/c6an00393a

 Pfeltz, R. F., Schmidt, J. L., and Wilkinson, B. J. (2001). A Microdilution Plating Method for Population Analysis of Antibiotic-Resistant Staphylococci. Microb. Drug Resist. 7, 289–295. doi: 10.1089/10766290152652846

 Randall, T. E., Eckartt, K., Kakumanu, S., Prince-Whelan, A., Dietrich, L. E. P., and Harrison, J. J. (2021). Sensory Perception in Bacterial Cyclic Diguanylate Signal Transduction. J. Bacteriol. doi: 10.1128/JB.00433-21

 Rieusset, L., Rey, M., Muller, D., Vacheron, J., Gerin, F., Dubost, A., et al. (2020). Secondary Metabolites From Plant-Associated Pseudomonas are Overproduced in Biofilm. Microb. Biotechnol. 13, 1562–1580. doi: 10.1111/1751-7915.13598

 Rojo, F. (2010). Carbon Catabolite Repression in Pseudomonas: Optimizing Metabolic Versatility and Interactions With the Environment. FEMS Microbiol. Rev. 34, 658–684. doi: 10.1111/j.1574-6976.2010.00218.x

 Romling, U., Galperin, M. Y., and Gomelsky, M. (2013). Cyclic Di-GMP: The First 25 Years of a Universal Bacterial Second Messenger. Microbiol. Mol. Biol. R 77, 1–52. doi: 10.1128/MMBR.00043-12

 Sakamoto, A., Terui, Y., Yamamoto, T., Kasahara, T., Nakamura, M., Tomotori, H., et al. (2012). Enhanced Biofilm Formation and/or Cell Viability by Polyamines Through Stimulation of Response Regulators UvrY and CpxR in the Two-Component Signal Transducing Systems, and Ribosome Recycling Factor. Int. J. Biochem. Cell Bio. 44 (11), 1877–1886. doi: 10.1016/j.biocel.2012.07.010

 Sauer, K., Camper, A. K., Ehrlich, G. D., Costerton, J. W., and Davies, D. G. (2002). Pseudomonas Aeruginosa Displays Multiple Phenotypes During Development as a Biofilm. J. Bacteriol 184, 1140–1154. doi: 10.1128/jb.184.4.1140-1154.2002

 Scaglione, F., Musazzi, U. M., and Minghetti, P. (2021). Considerations on D-Mannose Mechanism of Action and Consequent Classification of Marketed Healthcare Products. Front. Pharmacol. 12. doi: 10.3389/fphar.2021.636377

 Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., et al. (2012). Fiji: An Open-Source Platform for Biological-Image Analysis. Nat. Methods 9, 676–682. doi: 10.1038/nmeth.2019

 Shah, P., and Swlatlo, E. (2008). A Multifaceted Role for Polyamines in Bacterial Pathogens. Mol. Microbiol. 68, 4–16. doi: 10.1111/j.1365-2958.2008.06126.x

 Soksawatmaekhin, W., Kuraishi, A., Sakata, K., Kashiwagi, K., and Igarashi, K. (2004). Excretion and Uptake of Cadaverine by CadB and its Physiological Functions in Escherichia Coli. Mol. Microbiol. 51, 1401–1412. doi: 10.1046/j.1365-2958.2003.03913.x

 Stewart, P. S., and Franklin, M. J. (2008). Physiological Heterogeneity in Biofilms. Nat. Rev. Microbiol. 6, 199–210. doi: 10.1038/nrmicro1838

 Stipetic, L. H., Dalby, M. J., Davies, R. L., Morton, F. R., Ramage, G., and Burgess, K. E. V. (2016). A Novel Metabolomic Approach Used for the Comparison of Staphylococcus Aureus Planktonic Cells and Biofilm Samples. Metabolomics 12 (4), 75. doi: 10.1007/s11306-016-1002-0

 Sudhir K. Shukla, T. S. R. (2017). An Improved Crystal Violet Assay for Biofilm Quantification in 96-Well Microtitre Plate. bioRxiv 100214. doi: 10.1101/100214

 Sussulini, A. (2017). Erratum to: Chapters 1 and 11 of Metabolomics: From Fundamentals to Clinical Applications. Adv. Exp. Med. Biol. 965, E1–E2. doi: 10.1007/978-3-319-47656-8_14

 Tang, T. S., Xu, Y., Wang, J. F., Tan, X., Zhao, X. N., Zhou, P., et al. (2021). Evaluation of the Differences Between Biofilm and Planktonic Brucella Abortus via Metabolomics and Proteomics. Funct. Integr. Genomic 21, 421–433. doi: 10.1007/s10142-021-00788-7

 Til, H. P., Falke, H. E., Prinsen, M. K., and Willems, M. I. (1997). Acute and Subacute Toxicity of Tyramine, Spermidine, Spermine, Putrescine and Cadaverine in Rats. Food Chem Toxicol. 35, 337–348. doi: 10.1016/S0278-6915(97)00121-X

 Torres, A. G., Vazquez-Juarez, R. C., Tutt, C. B., and Garcia-Gallegos, J. G. (2005). Pathoadaptive Mutation That Mediates Adherence of Shiga Toxin-Producing Escherichia Coli O111. Infect. Immun. 73, 4766–4776. doi: 10.1128/Iai.73.8.4766-4776.2005

 Toyofuku, M., Inaba, T., Kiyokawa, T., Obana, N., Yawata, Y., and Nomura, N. (2016). Environmental Factors That Shape Biofilm Formation. Biosci. Biotech. Bioch 80, 7–12. doi: 10.1080/09168451.2015.1058701

 Wagner, V. E., Li, L. L., Isabella, V. M., and Iglewski, B. H. (2007). Analysis of the Hierarchy of Quorum-Sensing Regulation in Pseudomonas Aeruginosa. Anal. Bioanal Chem. 387, 469–479. doi: 10.1007/s00216-006-0964-6

 Waite, R. D., Papakonstantinopoulou, A., Littler, E., and Curtis, M. A. (2005). Transcriptome Analysis of Pseudomonas Aeruginosa Growth: Comparison of Gene Expression in Planktonic Cultures and Developing and Mature Biofilms. J. Bacteriol 187, 6571–6576. doi: 10.1128/JB.187.18.6571-6576.2005

 Wasterlain, A. S., Goswami, K., Ghasemi, S. A., and Parvizi, J. (2020). Diagnosis of Periprosthetic Infection: Recent Developments. J. Bone Joint Surg. Am. 102, 1366–1375. doi: 10.2106/Jbjs.19.00598

 Wegner, A., Meiser, J., Weindl, D., and Hiller, K. (2015). How Metabolites Modulate Metabolic Flux. Curr. Opin. Biotech. 34, 16–22. doi: 10.1016/j.copbio.2014.11.008

 Whiteley, M., Bangera, M. G., Bumgarner, R. E., Parsek, M. R., Teitzel, G. M., Lory, S., et al. (2001). Gene Expression in Pseudomonas Aeruginosa Biofilms. Nature 413, 860–864. doi: 10.1038/35101627

 Wilson, S., Hamilton, M. A., Hamilton, G. C., Schumann, M. R., and Stoodley, P. (2004). Statistical Quantification of Detachment Rates and Size Distributions of Cell Clumps From Wild-Type (PAO1) and Cell Signaling Mutant (JP1) Pseudomonas Aeruginosa Biofilms. Appl. Environ. Microb. 70, 5847–5852. doi: 10.1128/AEM.70.10.5847-5852.2004

 Tacconelli, E., Magrini, N., Carmeli, Y., Harbarth, S., Kahlmeter, G., Kluytmans, J., et al. (2017). Global Priority List of Antibiotic-Resistant Bacteria to Guide Research, Discovery, and Development of New Antibiotics. World Health Organization, pp. 1–7. Available at: http://www.who.int/medicines/publications/WHO-PPL-Short_Summary_25Feb-ET_NM_WHO.pdf. Last date of access: January 30, 2022.

 Xia, J. G., Psychogios, N., Young, N., and Wishart, D. S. (2009). MetaboAnalyst: A Web Server for Metabolomic Data Analysis and Interpretation. Nucleic Acids Res. 37, W652–W660. doi: 10.1093/nar/gkp356

 Yeom, J., Shin, J. H., Yang, J. Y., Kim, J., and Hwang, G. S. (2013). H-1 NMR-Based Metabolite Profiling of Planktonic and Biofilm Cells in Acinetobacter Baumannii 1656-2. PloS One 8 (3), e57730. doi: 10.1371/journal.pone.0057730

 Zhang, L., Chiang, W. C., Gao, Q., Givskov, M., Tolker-Nielsen, T., Yang, L., et al. (2012). The Catabolite Repression Control Protein Crc Plays a Role in the Development of Antimicrobial-Tolerant Subpopulations in Pseudomonas Aeruginosa Biofilms. Microbiol. (Reading) 158 (Pt 12), 3014–3019. doi: 10.1099/mic.0.061192-0

 Zhang, B., and Powers, R. (2012). Analysis of Bacterial Biofilms Using NMR-Based Metabolomics (Vol 4, Pg 1273, 2012). Future Med. Chem. 4, 1764–1764. doi: 10.4155/fmc.12.59




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Leggett, Li, Sindeldecker, Staats, Rigel, Bruschweiler-Li, Brüschweiler and Stoodley. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb-12-833269-g007.jpg
3.3mM Cad

Control

A

9d0oS0IOIN

ci

-

2d092s040I

SIAI





OEBPS/Images/fcimb-12-833269-g002.jpg
A Overlay of }3C-1H HSQC Spectra

PC 2 (13.8%) o]
1e+05 3e+05

-1e+05

-3e+05

1e+05

Component 2 (6%)
-1e+05 0e+00

I Biofilm
[ Planktonic

<®
PCA Scores Plot
o
| o
o |
Biofilm
-
l;lankmr;ic
-2e+05 '~ 0e+00 ~ 2e+05  4e+05
PC 1 (75.2%)
PLS-DA Scores Plot
|
IT"’
o
;\
Biofilm
-
o
Planktonic
E ER-
2e+05 0e+00 2e+05  4e+05 § 3 § 8 3

Component 1 (75.2%)

Z owopueld

120

N
o

w1(*3C) (ppm)

[
o

80

uci

i —

S dopueld

ine.
henylalanine
moﬂycenc

Fold change






OEBPS/Images/fcimb-12-833269-g005.jpg
Percent Change OD600nm

Percent Change Planktonic Growth

Py

1

1000

2000
Cadaverine (M)

3000

4000

Percent Change CV Elution OD590nm

Percent Change Biofilm Accumulation

ey

-40

1000

2000
Cadaverine (LM)

3000

4000





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Cadaverine Is a Switch in the Lysine Degradation Pathway in Pseudomonas aeruginosa Biofilm Identified by Untargeted Metabolomics

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Bacterial Strains, Growth Media, and Culturing Methods

          



          		

            Metabolomics Sample Preparation

          



          		

            NMR Experiments and Processing

          



          		

            NMR-Based Metabolomics Data Analysis

          



          		

            Mass Spectrometry Experiments

          



          		

            Crystal Violet Staining Assays

          



          		

            Confocal Laser Scanning Microscopy (CLSM)

          



          		

            Culture Growth and Imaging By Photo, Dissecting Microscope, and IVIS

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Untargeted Metabolomics Analysis of P. aeruginosa in Planktonic and Biofilm States

          



          		

            Multivariate Analysis of Metabolomics Data by PCA and PLS-DA

          



          		

            Metabolites Differing Significantly Between Planktonic and Biofilm

          



          		

            Identification of the Lysine Degradation Pathway for Its Possible Role in P. aeruginosa Growth Mode

          



          		

            Exogenous Supplementation of Cadaverine Increases Planktonic Growth and Inhibits Biofilm Accumulation

          



          		

            Confirmation of Cadaverine Inhibition of Biofilm Accumulation by Confocal Laser Scanning Microscopy

          



          		

            Exogenous Supplementation of Cadaverine Inhibits Biofilm Accumulation in the Presence of Pre-Formed Biofilm

          



          		

            Exogenous Supplementation of Cadaverine Causes a Macroscopic Alteration in Biofilm Morphology

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-12-833269-g006.jpg
[$) abelano) ealy aoeung

*
o
=3 o
®

1] an|eA ajeasAeis) ueapy

P4 LOYd rPens NWES+LOVYVd





OEBPS/Images/fcimb-12-833269-g001.jpg
Cadaverine SO
Treated O

L ~ O
WT Biofllm . 1 m K





OEBPS/Images/logo.jpg
’ frontiers
in Cellular and Infection Microbiology





OEBPS/Images/fcimb-12-833269-g004.jpg
O (@) O O O
+H3N\/\/\‘)LO- 9 +H3N/\/\/\NH3+ 9 OWNH3+ 9 +H3N/\/\/”\0- 9 Oé\/\)J\O' 9 -OWO- —>>>TCA CyC|e
NH5*
Lysine Cadaverine 5-Aminopentanal 5-Aminopentanoic  Glutarate Glutaric acid

acid semialdehyde
¢ FC=0.69 ¢ FC=0.02%*** ¢ ¢ FC=0.14*** ¢ FC=0.05****





OEBPS/Images/fcimb-12-833269-g003.jpg
Lysine

2.0e+094

1.5e+094

1.0e+094

5.0e+084

6e+084

4e+084

2e+084

Lactic acid

*%

=

alpha-Trehalose

t kkk%k
6e+094
4e+094
2e+094
0e+00 ﬁ

Biofilm |

Planktonic

Cadaverine 5-Aminopentanoic acid  Glutaric acid

*xk%x*° *kk 4e+094 * kKK
1.5e+094
6e+094
3e+094
1.0e+094
de+091 2e+094
5.0e+08 4
2e+094 1e+094
0.0e+001 _..:—' 0e+004 -"-f_—
Acetic acid alpha-Mannose beta-Glucose
6es084 *kk * * 12504091 S *kkk
7.5e+084 *
1.00e+094 *
4ev08q 5004084
7.50e+084
2.5e+084 5.00e+08 4
2e+084
* o ]
0 2.50e+084
) L 0.0e+001 . il
Maltotetraose Gluconic acid Erythritol
S kkkk 2.5e+094 *kkk VT okkkk
6e+084 1.5e+084
2.0e+094
1.5e+094
4e+084 1.0e+084
1.0e+094
2e+084
e 5.0e+08 4 5.0e+074
(6] (6] [&]
u_g c é = rg c
5 £ 5 g 0 2
m c m c m c
© ) ©
o o o






OEBPS/Images/fcimb.2022.833269_cover.jpg
’ frontiers

in Cellular and Infection Microbiology

Cadaverine Is a Switch in
the Lysine Degradation
Pathway in Pseudomonas
aeruginosa Biofilm Identified
by Untargeted Metabolomics





