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Abstract

:

Objectives: This study investigates the impact of nutrient availability on the growth, adhesion, and biofilm formation of Pseudomonas aeruginosa ATCC 27853 under static conditions. Methods: Bacterial behaviour was evaluated in nutrient-rich Luria–Bertani (LB) broth and nutrient-limited M9 media, specifically lacking carbon (M9-C), nitrogen (M9-N), or phosphorus (M9-P). Bacterial adhesion was analysed microscopically during the transition from reversible to irreversible attachment (up to 120 min) and during biofilm production/maturation stages (up to 72 h). Results: Results demonstrated that LB and M9 media supported bacterial growth, whereas nutrient-starved conditions halted growth, with M9-C and M9-N inducing stationary phases and M9-P leading to cell death. Fractal analysis was employed to characterise the spatial distribution and complexity of bacterial adhesion patterns, revealing that nutrient-limited conditions affected both adhesion density and biofilm architecture, particularly in M9-C. In addition, live/dead staining confirmed a higher proportion of dead cells in M9-P over time (at 48 and 72 h). Conclusions: This study highlights how nutrient starvation influences biofilm formation and bacterial dispersion, offering insights into the survival strategies of P. aeruginosa in resource-limited environments. These findings should contribute to a better understanding of biofilm dynamics, with implications for managing biofilm-related infections and industrial biofouling.
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1. Introduction


Pseudomonas aeruginosa (P. aeruginosa) is Gram-negative bacterium, particularly valuable for research among ESKAPE pathogens due to its exceptional adaptability, robust biofilm formation, and high antibiotic resistance [1,2,3]. It has a well-characterised quorum-sensing system that regulates virulence and an extensive genetic toolkit for functional studies [4,5,6]. Its versatility in adapting to different conditions, including those with frequent exposure to antibiotics or environmental stress, contributes to its involvement in 54% of deaths from infections [7]. In hospital settings, it is a notorious opportunistic human pathogen, causing acute and chronic infections in immunocompromised patients [8,9]. It is also the main cause of mortality due to chronic pulmonary infections in cystic fibrosis patients worldwide [10]. Its ability to form biofilm increases resistance to common antibiotics, such as β-lactams, fluoroquinolones, aminoglycosides, and polymyxins, making its eradication from infection sites very difficult [11,12]. Biomedical devices, such as catheters, heart valves, and prostheses, lead to chronic infection hardly being detected and health risks to patients [13,14,15,16]. Biofilm production is a common survival strategy for several bacteria to overcome adverse conditions [17]. In such conditions, bacteria convert their physiological state from free-floating (planktonic) to sessile cells, acquiring the ability to adhere, grow, and form biofilm on biotic or abiotic surfaces [18]. Within the biofilm, cells coordinates their metabolic activities, through quorum sensing (QS), regulating the expression of genes associated with different virulence factors [19,20]. The life cycle of a biofilm involves five main phases: reversible (i) and irreversible (ii) surface attachment, biofilm production (iii) and maturation (iv), and the dispersion (v) of single cells or EPS-included cell aggregates [21] (Figure S1). Surface attachment plays a key role for biofilm-associated bacteria, with weak attachments allowing bacteria to explore favourable sites for biofilm formation [22]. Bacterial motility systems (flagella and pili) and surface conditioning through polysaccharide secretion play a key role in this step [23,24,25]. Once a suitable surface is found, P. aeruginosa reduces its flagellar motility and switches to twitching motility (type IV pili), to move across the surface and release the exopolysaccharide Psl, enhancing surface attachment [26]. Surface characteristics are crucial in the initial adhesion phase, mainly due to hydrophobic and electrostatic interactions [27]. Positively charged surfaces generally favour adhesion due to the negative charge of the bacterial cell wall [28]. In Gram-negative bacteria like P. aeruginosa, lipopolysaccharides (LPSs) facilitate adhesion by imparting a strong negative charge to the bacterial surface. Abdel-Rhman suggests that LPSs in P. aeruginosa can promote and stabilise biofilm formation, also increasing their virulence [29,30]. During biofilm production, bacterial cells could be released, as microcolonies aggregates, to colonise new areas in response to environmental stimuli like nutrient scarcity to colonise new niches [31] in response to environmental stimuli, such as nutrient starvation [32]. P. aeruginosa under nutrient deprivation can trigger a series of stress responses, altering gene expression and metabolic pathways [33]. These responses can cause a shift from growth to maintenance, with some cells entering dormancy, while others prepare to disperse [34,35]. The dispersal mechanism may be affected by the limitation of specific nutrients. For instance, when carbon sources are depleted, P. aeruginosa may initiate the expression of dispersal-related genes, leading to the release of cells from the biofilm structure [32,36]. This process not only aids in nutrient acquisition by allowing bacteria to explore new environments but also facilitates the colonisation of new surfaces where conditions may be more favourable. Nutrient limitation can also reduce the extracellular polymeric substances (EPSs), weakening their structure and promoting regulated detachment. This controlled dispersal allows P. aeruginosa to adapt to its environment and relocate to areas with more abundant resources, enhancing survival in fluctuating conditions [37]. Each cell’s response within the microbial network shapes this global behaviour. For example, early adhesion can promote stable biofilm formation [38], while intercellular communication quickly alters gene expression, facilitating phenotypic adaptation in nutrient-limited environments [39,40,41]. The versatility in the adaptability and survival strategies of P. aeruginosa highlights the importance of understanding biofilm dynamics for the development of a control strategy for pathogenic infections and biofouling in various contexts.



The aim of this work is to investigate how nutrient availability affects the growth, adhesion, and biofilm formation of P. aeruginosa ATCC 27853. Its relevance to both clinical infections and environmental survival makes it an ideal model for studying bacterial pathogenesis, resistance mechanisms, and biofilm-related persistence, setting it apart from other ESKAPE pathogens. Specifically, this study aimed to examine bacterial behaviour in nutrient-rich and nutrient-limited media to understand how nutrient deprivation influences the transition from reversible to irreversible attachment and the subsequent development and maturation of biofilms.




2. Results


Media conditions used in this study included a nutrient-rich medium, Luria–Bertani (LB) broth, and nutrient-limited mineral media, specifically formulated from the minimal M9 medium. The LB medium represents a nutrient-rich environment that facilitates rapid bacterial growth, while the M9 medium, as a minimal medium with specific nutrients, allows for growth at a slower rate, highlighting the bacterium’s response to nutrient limitation. By including both media, we aim to show the baseline differences in bacterial growth under rich and minimal conditions, providing context for how nutrient-starved conditions further affect growth dynamics and biofilm formation. Nutrient-starved media included M9-C, M9-N, and M9-P, each lacking carbon (glucose), nitrogen (ammonia), and phosphorus (inorganic phosphate) sources, respectively. All culture conditions were evaluated for their influence on bacterial growth over a period of up to 3 days (Figure 1).



LB and M9 media permitted growth of P. aeruginosa, although with different growth rates. Otherwise, nutrient-starved conditions stopped P. aeruginosa growing, inducing cells to enter a stationary state (in the case of M9-C and M9-N) or death state (in the case of M9-P).



Figure 2 shows the adhesion pattern of P. aeruginosa cells adhering under different nutrient conditions during transition stage from reversible to irreversible bacterial attachment (up to 120 min).



No significant differences were observed in the surface coverage by bacteria for the tested conditions during the first 30 min of incubation (Table S1). At this time point, the bacteria appeared to completely cover the entire surface, except under the M9-N condition (Figure 2). In this case, it was already possible to observe the presence of gaps in different portions of the slide (Figure 2d). As incubation continued, circular gaps began to form in all conditions, with differences related to the specific nutrient limitations (Tables S2–S4).



Quantitatively, the LB condition (Figure 2a) showed a similar adhesion percentage during the entire observation period (29.4%, 25.8%, 36.9%, and 33.9% at 30, 60, 90, and 120 min, respectively). Although an increase in bacterial adhesion at 90 min was observed, no significant variations were detected compared to the other time points (Table S5). The M9 condition (Figure 2b) showed similar values to the LB condition (29.9%, 20.2%, 34.2%, and 35% at 30, 60, 90, and 120 min, respectively). However, at 60 min, adhesion density was significantly reduced compared to the later time points (Table S6). With regard to the M9-C condition (Figure 2c), results indicated the lowest adhesion densities (29.7%, 11.8%, 14.4%, and 15.9% at 30, 60, 90, and 120 min, respectively), with these differences becoming evident by 60 min of incubation (Table S7). The M9-N condition (Figure 2d) showed similar adhesion densities for the entire incubation period (31.2%, 40.7%, 41.1%, and 43.4% at 30, 60, 90, and 120 min, respectively). So, no significant differences were observed (Table S8). Finally, the M9-P condition (Figure 2e) appeared to significantly increase adhesion density only after 90 min of incubation (28.4%, 29.5%, 47.5%, and 51.2% at 30, 60, 90, and 120 min, respectively) (Table S9).



Fractal analysis was performed to provide more information about the pattern distribution of bacterial adhesion (Figure 3).



Analysis indicated a similar degree of complexity (fractal dimension between 1.65 and 1.8) of spatial distribution and self-similarity (lacunarity less than 0.65) in bacterial adhesion patterns across all nutritional conditions, except for the M9-C condition, which showed value under 1.6 and over 0.6 for fractal and self-similarity degree, respectively (Figure 3). With regard to LB and M9-N conditions, a linear fractal trend was observed during the monitored time points, while M9 and M9-P conditions showed an alteration downward of the values at 60 min, which was maintained in the later times points (Figure 3). Concerning the M9-C condition (Figure 3c), although the initial time point (30 min) showed typical values of a fractal spatial distribution, a decrease in fractal dimension and an increase in lacunarity were observed in the subsequent time points. These results suggest a reduction in the complexity and homogeneity of the bacterial adhesion pattern, likely driven by random and independent movements of individual cells within the bacterial population.



Figure 4 shows the surface coverage of bacterial biofilm under different nutritional conditions over 72 h.



After 24 h of incubation, each condition exhibited a similar adhesion density to those recorded at 120 min, except for M9-C (Figure S3 and Tables S10–S14). In quantitative terms, we observe once again the lowest values for the M9-C condition.



The LB condition (Figure 4a) showed a significant increase in bacterial adhesion over the entire incubation period (36.5%, 50.5%, and 60.6% at 24, 48, and 72 h, respectively; Table S15). The M9 condition (Figure 4b) showed similar values to those of the LB condition (37.1%, 45.7%, and 58.1% at 24, 48, and 72 h, respectively) (Table S16). With regard to the M9-C condition (Figure 4c), results indicated the lowest bacterial adhesion densities (4.6%, 1.3%, and 2.2% at 24, 48, and 72 h, respectively), with resulting significant difference already demonstrated at 24 versus 48 h of incubation (Table S17). The M9-N condition (Figure 4d) showed similar values of adhesion for all time points evaluated in this study (42.4%, 51.2%, and 52.4% at 24, 48, and 72 h, respectively; Table S18). Finally, the M9-P condition (Figure 4e) appeared to significantly decrease the adhesion values during incubation times (55.3%, 44.2%, and 27.3% at 24, 48, and 72 h, respectively; Table S19).



In this case, as well, we performed the fractal analysis to obtain information about the distribution pattern of cells within the biofilm structure (Figure 5).



All nutritional conditions indicated a similar degree of complexity (fractal dimension between 1.73 and 1.8) of spatial distribution and self-similarity (lacunarity less than 0.65) of bacterial adhesion patterns, except for the M9-C condition (Figure 5). The M9-C condition (Figure 5c) appeared to follow a random adhesion pattern, as confirmed by the variation in fractal dimensions at different time points and the high values for lacunarity (values above 10). In addition, fractal dimensions were maintained across varying magnification scale varies, further confirming the multi-level biofilm organisation pattern for tested conditions (Figure S4).



Live/dead staining at 48 and 72 h was performed to obtain information about the physiological states of adhering cells (Figure 6).



Fluorescent images showed a low level of dead cells for all nutritional conditions, except for the M9-P condition. Moreover, the distribution of the dead (red fluorescence) and live cells (green fluorescence) appeared similar, suggesting that the dead cells could serve as a substrate for the attachment of the new cells. The M9-P condition (Figure 6) indicated an increase in dead cells replacing live cells, mainly at 72 h. In this case, an increase in the size of the holes was also observed, confirming the drastic decrease in bacterial adhesion on the surface.




3. Discussion


In this work, we investigate the impact of nutrient availability on the growth, adhesion, and biofilm formation of P. aeruginosa. Specifically, we considered two main phases of biofilm production: (i) the transition stage from reversible to irreversible (within 2 h of incubation) and (ii) biofilm production/maturation (from 24 to 72 h). Since M9 is a defined minimal medium, it provides only the essential nutrients needed for growth, without additional energy sources or growth factors. According to that, we observed that LB promoted faster growth, underscoring the importance of a nutrient-rich environment, while in M9, P. aeruginosa grew more slowly, resulting in a longer lag phase and a lower exponential growth rate (Figure 1). On the other hand, cell adhesion was not significantly affected during the incubation periods being studied, with only a reduction in biofilm mass and structure resulting from live/dead staining (Figure 6). These findings were probably due to the lack of abundant nutrients that restricted the bacterium’s ability to produce extracellular polysaccharides and other biofilm components [42,43]. When the M9 minimal medium was deprived of a macronutrient (i.e., carbon, nitrogen, or phosphate), P. aeruginosa growth was stopped. Specifically, we found that carbon (M9-C) and nitrogen (M9-N) starvation halted growth, pushing cells into a stationary state, suggesting that P. aeruginosa adapts to nutrient-poor environments by limiting replication. In contrast, phosphorus limitation (M9-P) led to cell death, highlighting phosphorus’s critical role not only for growth but also for bacterial survival (Figure 1). Carbon starvation resulted as a critical condition for P. aeruginosa biofilms in all incubation periods, affecting the behaviour and survival of the bacteria. This resulted in the lowest adhesion density within the first hours of incubation, along with a reduction in the fractal dimension and an increase in lacunarity. Overall, these findings indicate that carbon is essential for robust initial and more organised bacterial attachment to the surface. This condition was maintained for all incubation periods and exhibited severely reduced biofilm formation, with low adhesion levels, indicating the cells’ inability to establish a stable, complex biofilm structure. Numerous studies associate the reduction in biofilm production with the triggering biofilm dispersal, a process where cells leave the biofilm and return to a planktonic (free-floating) state [32,44]. Similarly, our results showed a reduction in biofilm production associated with alterations in cell adhesion to the surface during the early stages of incubation. The lack of an alternative carbon source seems to limit biomass production, likely due to the arrest of cell growth and the inability to produce extracellular matrix components. On the other hand, some cells maintain their ability to adhere to the surface throughout the incubation period, suggesting that different survival strategies might be adopted within the bacterial population. Unlike in the M9-C condition, the M9-P condition significantly increased bacterial adhesion, with maximum biofilm production at 24 h. However, during later incubation periods, a progressive decrease in surface coverage was observed and correlated with an increase in cell death. These findings suggested that phosphorus limitation not only inhibits growth but also destabilises the biofilm structure over time. It is known that phosphate limitation alters the production of quorum-sensing signals in P. aeruginosa [45], affecting virulence and survival behaviours such as biofilm and swarming motility. The availability of phosphate plays a crucial role in the formation of biofilms by P. aeruginosa, primarily because phosphate is essential for the production of extracellular polysaccharides (EPSs), a key component of the biofilm matrix. The synthesis of these polysaccharides is regulated by several factors, including quorum-sensing and cyclic di-GMP levels, which influence the biofilm’s structural integrity and its resistance to environmental stresses [46]. Our results showed that under phosphate-starved conditions, P. aeruginosa would anticipate biofilm production, but it failed to maintain it over subsequent incubation periods. These behaviours may be explained because although phosphate starvation firstly aims to optimise the use of available phosphate [47,48], prolonged limitation may inhibit biofilm formation due to insufficient resources for building the biofilm matrix. Specifically, limiting phosphate availability could directly affect the production of extracellular polysaccharides and impose metabolic constraints, due to a reduction in energy production (through ATP synthesis). Overall, these findings suggest that while phosphate is a critical nutrient that can drive biofilm formation, its deficiency could also lead to a reduction in microbial growth and biofilm development. Finally, the M9-N condition in P. aeruginosa showed early adhesion comparable to that of complete medium. It is known that under nitrogen deficiency, P. aeruginosa tends to stop cellular growth, while increasing its survival metabolic activity, mainly related to bacterial dispersion and pathogenicity [49]. This response is strictly regulated by the alternative sigma factor RpoN that plays a role in nitrogen metabolism and the control of genes essential to virulence [50,51,52,53]. Under our experimental conditions, our findings suggest that nitrogen and carbon starvation led to the implementation of different survival strategies in P. aeruginosa without significant alteration in cell density.




4. Materials and Methods


Bacterial strains and media. In all experiments, P. aeruginosa ATCC 27853 (strain Boston 41501, isolated from blood culture) was used because it is well characterised and widely used in scientific research, ensuring consistency, reproducibility, and comparability with other studies. This allowed us to focus specifically on the impact of nutrient conditions on biofilm formation, generating a controlled and interpretable dataset. Bacterial glycerol stocks (culture/glycerol ratio 4:1), stored stably at −80 °C, were gradually thawed by one-hour steps at −20 °C, 4 °C, and room temperature (rt), then inoculated in 20 mL of Luria–Bertani broth (LB, Oxoid) contained in 100 mL Erlenmeyer’s flasks and incubated overnight at 37 °C with constant shaking at 250 rpm. Overnight cultures were harvested by centrifugation (6700× g for 10 min), washed twice with saline solution (0.9% NaCl), and suspended in the different media to obtain an optical density at 540 nm (OD540) of approximately 0.4 (Beckman (Brea, CA, USA) DU640 Spectrophotometer), corresponding to approximately 3–5 × 108 colony-forming units (CFU) per mL. LB (composition per litre: Tryptone 10 g, NaCl 10 g, Yeast Extract 5 g) and M9 medium (composition per litre: 5.58 g Na2HPO4, 3.0 g KH2PO4, 0.5 g NaCl, 1 g NH4Cl, 10 mL 0.01 M CaCl2, 10 mL 0.1 M MgSO4, 1 mL 10 mM FeSO4, glucose 4 g). Carbon-limited medium (M9-C) was obtained depriving M9 medium of glucose. Nitrogen-limited medium (M9-N) was obtained replacing NH4Cl in the M9 medium with 1.17 g of NaCl. Phosphorus-limited medium (M9-P) was obtained replacing Na2HPO4 and KH2PO4 in the M9 medium with 2.8 g of NaCl and 1.64 g KCl, respectively, in order to maintain medium osmolarity. The pH was adjusted to 7.0 using 1 N NaOH, and media were sterilised by autoclaving at 121 °C for 20 min.



Dynamics and kinetics of bacterial adhesion assay. The dynamics and kinetics of bacterial adhesion were studied in bacterial growth chambers specifically designed to put polyvinylchloride (PVC) strips as abiotic surfaces in vertical position, in order to analyse adhesion by avoiding natural effects of sedimentation. The chambers consisted of glass autoclavable vials of 8.2 mm in diameter by 32 mm in length, with a bottleneck of 4.2 mm, closed by screwcaps with an air inlet. PVC strips (4 mm × 30 mm) were decontaminated with 70% ethanol, dried at room temperature, then inserted in the vials and kept in vertical position by the bottleneck. The chambers with PVC surfaces were filled with 0.8 mL of medium containing approximately 3–5 × 108 CFU/mL, so that air–liquid interface was exactly at 14 mm from the bottom (about 1/2 of the height of PVC strip). The experimental setup is schematically shown in Figure 7.



Each cultural condition (in triplicate) was incubated at 37 °C in static conditions and evaluated at pre-set time intervals. Specifically, four time intervals (30, 60, 90, and 120 min) and three time (24, 48, and 72 h) intervals were considered for transition from reversible to irreversible bacterial attachment and production/maturation stage, respectively. At each time point, PVC strip was aseptically transferred into saline solution, washed gently thrice (avoiding drying), and stained for 15 min with Crystal Violet 0.1% w/v in in 95% ethanol at rt. After incubation periods, the excess dye was removed by washing twice with saline solution and samples dried under a laminar flow hood before microscopic observation. Optical images were observed by using a Leica (Wetzlar, Germany) DMRE microscope equipped with Leica Qwin software 2.7. Bacterial cell distribution of three different optical fields were acquired by a Leica DC300F Camera using a Leica C Plan 63× lens.



Image analysis. The processing and analysing of microscope images were carried out by using ImageJ (version 1.54g, National Institute of Health, Bethesda, MD, USA). Before being processed, colour image had to be converted to greyscale (8-bit) and adjusted threshold to highlight all cell structures from surface. This operation created a binary version of the original image with only two-pixel intensities (black = 0 and white = 255). Quantitative evaluation of cell adhesion was performed by using the analysis tool, in terms of integrated density (I.D. = N × (M − B), where N is the number of pixels in the selection, M is the average grey value of the pixels, and B is the most common pixel value. Box-counting fractal and lacunarity analysis was carried out by using FraLac plugin, keeping the original settings unchanged. In this case, for each processed image, analysis returned as output fractal dimension and lacunarity. Fractal dimension quantitatively measures structural properties and complexity of bacterial cell adhesion, providing information on how the cell distribution on the surface replicates itself at different scales of magnification. Structures with low fractal dimension (close to 1) were related to a simpler distribution, while those with high fractal dimension (closer to 2) to a more intricate and complex one. Lacunarity describes the degree of irregularity or “gaps” present in bacterial cell adhesion, quantifying the spatial distribution of voids (or gaps) within adherent cell mass and providing a measure of their heterogeneity. Fractal structure with low lacunarity were related to more uniform distribution of gaps and dense areas, whereas those with high lacunarity exhibits densely packed regions alternating with large empty spaces.



Live/dead staining. Bacterial adhesion and proliferation on the surface of PVC strips under different growing conditions were also assessed using a live/dead BacLight bacterial viability kit. In this case, the last time intervals (48 and 72 h) of biofilm production/maturation stage were considered. After each time point, PVC strip was aseptically transferred into sterile saline solution and washed gently thrice (avoiding drying). Then, each PVC strip was treated for 15 min with a mixture of SYTO® 9 green-fluorescence nucleic acid stain and red-fluorescence dye (propidium iodide), so that bacteria with intact cellular membranes would be green-stained, whereas bacteria with damaged cellular membranes would be red-stained. After incubation periods, the excess dye was removed by washing twice with saline solution and the samples visualised under fluorescence microscopy using a Leica DMRE epifluorescence microscope with a Leica C Plan 63× lens, using a BP 515–560 nm excitation filter in combination with a LP 590 nm suppression filter.



Statistical analysis. All results were obtained from three independent experiments, expressed as means ± standard deviation and analysed by GraphPad software Prism 8. For ANOVA test, Tukey post hoc test for multiple comparison was used. One (*), two (**), and three (***) asterisks identify adjusted p-value < 0.01, 0.001, and 0.0001, respectively.




5. Conclusions


This study highlighted how nutrient availability significantly influences the growth, adhesion, and biofilm formation of Pseudomonas aeruginosa ATCC 27853, a bacterium known for its ability to colonise surfaces and form resilient biofilms. By using different culture media, including nutrient-rich Luria–Bertani (LB) broth and nutrient-limited M9 variants (M9-C, M9-N, M9-P), which are, respectively, lacking carbon, nitrogen, and phosphorus, this study explored bacterial behaviour under conditions of nutrient abundance and starvation. Our results suggest that P. aeruginosa can modulate its adhesion and growth based on nutrient availability, adapting to nutrient-poor conditions but revealing specific vulnerabilities under carbon and phosphorus starvation.



The finding that carbon starvation results in disorganised adhesion and reduced biofilm complexity highlights the crucial role of carbon not only as an energy source but also as a key factor regulating cell interactions. On the other hand, the significant reduction in cell viability under phosphorus starvation suggests that interventions targeting phosphorus availability could be an effective strategy to limit P. aeruginosa biofilm formation.



Overall, these findings could have important implications in both clinical and industrial settings for controlling P. aeruginosa infections and preventing biofouling. For this purpose, future studies should consider using flow cells or other dynamic culture systems to better simulate the dynamic environments that P. aeruginosa encounters in real-world settings. Additionally, investigating multiple strains from clinical or environmental isolates, which exhibit greater genetic diversity and phenotypic variability, would enhance our understanding of the bacterium’s behaviour under diverse conditions.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/antibiotics13100987/s1. Figure S1: Representation of life cycle of BF formation, from reversible adhesion of bacteria to biofilm dispersion. Figure S2: Legend background colours associated with the fractal dimension. Figure S3: Representative images and quantitative evaluation of P. aeruginosa cells adhering under different nutrient conditions at 2 h of incubation and during biofilm production/maturation stage (up to 72 h). Tukey’s multiple comparison tests for densities adhesion in each condition are reported in Tables S10–S19. Figure S4: Multilevel fractal analysis and adhesion patterns of P. aeruginosa cells adhering under different nutrient conditions during biofilm production/maturation stages. Table S1: Tukey’s multiple comparison test for adhesion density of P. aeruginosa after 30 min. Table S2: Tukey’s multiple comparison test for adhesion density of P. aeruginosa after 60 min. Table S3: Tukey’s multiple comparison test for adhesion density of P. aeruginosa after 90 min. Table S4: Tukey’s multiple comparison test for adhesion density of P. aeruginosa after 120 min. Table S5: Tukey’s multiple comparison test for adhesion density of P. aeruginosa in LB 30–120 min. Table S6: Tukey’s multiple comparison test for adhesion density of P. aeruginosa in M9 30–120 min. Table S7: Tukey’s multiple comparison test for adhesion density of P. aeruginosa in M9-C 30–120 min. Table S8: Tukey’s multiple comparison test for adhesion density of P. aeruginosa in M9-N 30–120 min. Table S9: Tukey’s multiple comparison test for adhesion density of P. aeruginosa in M9-P 30–120 min. Table S10: Tukey’s multiple comparison test for adhesion density of P. aeruginosa in LB 120 min–72 h. Table S11: Tukey’s multiple comparison test for adhesion density of P. aeruginosa in M9 120 min–72 h. Table S12: Tukey’s multiple comparison test for adhesion density of P. aeruginosa in M9-C 120 min–72 h. Table S13: Tukey’s multiple comparison test for adhesion density of P. aeruginosa in M9-N 120 min–72 h. Table S14: Tukey’s multiple comparison test for adhesion density of P. aeruginosa in M9p 120 min–72 h. Table S15: Tukey’s multiple comparison test for adhesion density of P. aeruginosa in LB 120 min–72 h. Table S16: Tukey’s multiple comparison test for adhesion density of P. aeruginosa in M9 120 min–72 h. Table S17: Tukey’s multiple comparison test for adhesion density of P. aeruginosa in M9-C. Table S18: Tukey’s multiple comparison test for adhesion density of P. aeruginosa in M9-N. Table S19: Tukey’s multiple comparison test for adhesion density of P. aeruginosa in M9-P.





Author Contributions


Conceptualisation, L.M.D.P. and D.F.; data curation, L.M.D.P. and M.C.; formal analysis, D.F.; investigation, L.M.D.P. and M.C.; methodology, L.M.D.P., M.C. and D.F.; resources, S.C.; supervision, S.C., S.P.P.G. and D.F.; validation, D.F.; visualisation, S.C. and S.P.P.G.; writing—original draft, L.M.D.P. and M.C.; writing—review and editing, all authors. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within this article or Supplementary Materials. The original contributions presented in this study are included in this article/Supplementary Materials, and further inquiries can be directed to the corresponding author/s. Dataset available on request from the authors The raw data supporting the conclusions of this article will be made available by the authors on request.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Maji, K.; Lavanya, M. Microbiologically Influenced Corrosion in Stainless Steel by Pseudomonas aeruginosa: An Overview. J. Bio Tribo Corros. 2024, 10, 16. [Google Scholar] [CrossRef]

	



Scott, B.; Wilkinson, B. P05 Identifying Novel Drug Targets of the ESKAPE Pathogen Pseudomonas aeruginosa. JAC Antimicrob. Resist. 2024, 6, dlad143.009. [Google Scholar] [CrossRef]

	



Venkateswaran, P.; Vasudevan, S.; David, H.; Shaktivel, A.; Shanmugam, K.; Neelakantan, P.; Solomon, A.P. Revisiting ESKAPE Pathogens: Virulence, Resistance, and Combating Strategies Focusing on Quorum Sensing. Front. Cell Infect. Microbiol. 2023, 13, 1159798. [Google Scholar] [CrossRef] [PubMed]

	



Qin, S.; Xiao, W.; Zhou, C.; Pu, Q.; Deng, X.; Lan, L.; Liang, H.; Song, X.; Wu, M. Pseudomonas aeruginosa: Pathogenesis, Virulence Factors, Antibiotic Resistance, Interaction with Host, Technology Advances and Emerging Therapeutics. Signal Transduct. Target. Ther. 2022, 7, 199. [Google Scholar] [CrossRef]

	



Sharma, S.; Kumar, S.; Kumar, P.; Tripathi, V.N. Quorum Sensing in Gram-Negative Pathogens, a Fresh Look. Microbe 2024, 4, 100108. [Google Scholar] [CrossRef]

	



Lin, J.; Cheng, J. Quorum Sensing in Pseudomonas aeruginosa and Its Relationship to Biofilm Development. In Introduction to Biofilm Engineering; ACS Symposium Series; American Chemical Society: Washington, DC, USA, 2019; Volume 1323, pp. 1–16. ISBN 978-0-8412-3473-4. [Google Scholar]

	



Ikuta, K.S.; Swetschinski, L.R.; Aguilar, G.R.; Sharara, F.; Mestrovic, T.; Gray, A.P.; Weaver, N.D.; Wool, E.E.; Han, C.; Hayoon, A.G.; et al. Global Mortality Associated with 33 Bacterial Pathogens in 2019: A Systematic Analysis for the Global Burden of Disease Study 2019. Lancet 2022, 400, 2221–2248. [Google Scholar] [CrossRef]

	



Song, Y.; Tang, H.; Bao, R. Comparative Analysis of Five Type II TA Systems Identified in Pseudomonas aeruginosa Reveals Their Contributions to Persistence and Intracellular Survival. Front. Cell. Infect. Microbiol. 2023, 13, 1127786. [Google Scholar] [CrossRef]

	



Veetilvalappil, V.V.; Manuel, A.; Aranjani, J.M.; Tawale, R.; Koteshwara, A. Pathogenic Arsenal of Pseudomonas aeruginosa: An Update on Virulence Factors. Future Microbiol. 2022, 17, 465–481. [Google Scholar] [CrossRef]

	



Song, Y.; Wu, X.; Li, Z.; Ma, Q.q.; Bao, R. Molecular Mechanism of Siderophore Regulation by the Pseudomonas aeruginosa BfmRS Two-Component System in Response to Osmotic Stress. Commun. Biol. 2024, 7, 295. [Google Scholar] [CrossRef]

	



Yang, H.; Jin, L.; Zhao, D.; Lian, Z.; Appu, M.; Huang, J.; Zhang, Z. Antibacterial and Antibiofilm Formation Activities of Pyridinium-Based Cationic Pillar[5]Arene Against Pseudomonas aeruginosa. J. Agric. Food Chem. 2021, 69, 4276–4283. [Google Scholar] [CrossRef]

	



Liu, Y.; Jiang, Y.; Zhu, J.; Huang, J.; Zhang, H. Inhibition of Bacterial Adhesion and Biofilm Formation of Sulfonated Chitosan against Pseudomonas aeruginosa. Carbohydr. Polym. 2019, 206, 412–419. [Google Scholar] [CrossRef] [PubMed]

	



Li, P.; Yin, R.; Cheng, J.; Lin, J. Bacterial Biofilm Formation on Biomaterials and Approaches to Its Treatment and Prevention. Int. J. Mol. Sci. 2023, 24, 11680. [Google Scholar] [CrossRef] [PubMed]

	



Shree, P.; Singh, C.K.; Sodhi, K.K.; Surya, J.N.; Singh, D.K. Biofilms: Understanding the Structure and Contribution towards Bacterial Resistance in Antibiotics. Med. Microecol. 2023, 16, 100084. [Google Scholar] [CrossRef]

	



Gondil, V.S.; Subhadra, B. Biofilms and Their Role on Diseases. BMC Microbiol. 2023, 23, 203. [Google Scholar] [CrossRef]

	



Sciuto, E.L.; Petralia, S.; Calabrese, G.; Conoci, S. An Integrated Biosensor Platform for Extraction and Detection of Nucleic Acids. Biotechnol. Bioeng. 2020, 117, 1554–1561. [Google Scholar] [CrossRef]

	



Koo, H.; Allan, R.N.; Howlin, R.P.; Hall-Stoodley, L.; Stoodley, P. Targeting Microbial Biofilms: Current and Prospective Therapeutic Strategies. Nat. Rev. Microbiol. 2017, 15, 740–755. [Google Scholar] [CrossRef] [PubMed]

	



Guzmán-Soto, I.; McTiernan, C.; Gonzalez-Gomez, M.; Ross, A.; Gupta, K.; Suuronen, E.J.; Mah, T.-F.; Griffith, M.; Alarcon, E.I. Mimicking Biofilm Formation and Development: Recent Progress in in Vitro and in Vivo Biofilm Models. iScience 2021, 24, 102443. [Google Scholar] [CrossRef]

	



Penesyan, A.; Paulsen, I.T.; Kjelleberg, S.; Gillings, M.R. Three Faces of Biofilms: A Microbial Lifestyle, a Nascent Multicellular Organism, and an Incubator for Diversity. NPJ Biofilms Microbiomes 2021, 7, 80. [Google Scholar] [CrossRef] [PubMed]

	



Preda, V.G.; Săndulescu, O. Communication Is the Key: Biofilms, Quorum Sensing, Formation and Prevention. Discoveries 2019, 7, e10. [Google Scholar] [CrossRef]

	



Iaconis, A.; De Plano, L.M.; Caccamo, A.; Franco, D.; Conoci, S. Anti-Biofilm Strategies: A Focused Review on Innovative Approaches. Microorganisms 2024, 12, 639. [Google Scholar] [CrossRef]

	



Zheng, S.; Bawazir, M.; Dhall, A.; Kim, H.-E.; He, L.; Heo, J.; Hwang, G. Implication of Surface Properties, Bacterial Motility, and Hydrodynamic Conditions on Bacterial Surface Sensing and Their Initial Adhesion. Front. Bioeng. Biotechnol. 2021, 9, 643722. [Google Scholar] [CrossRef] [PubMed]

	



Valentin, J.D.P.; Straub, H.; Pietsch, F.; Lemare, M.; Ahrens, C.H.; Schreiber, F.; Webb, J.S.; van der Mei, H.C.; Ren, Q. Role of the Flagellar Hook in the Structural Development and Antibiotic Tolerance of Pseudomonas aeruginosa Biofilms. ISME J. 2022, 16, 1176–1186. [Google Scholar] [CrossRef]

	



Zhai, Y.; Tian, W.; Chen, K.; Lan, L.; Kan, J.; Shi, H. Flagella-Mediated Adhesion of Escherichia coli O157:H7 to Surface of Stainless Steel, Glass and Fresh Produces during Sublethal Injury and Recovery. Food Microbiol. 2024, 117, 104383. [Google Scholar] [CrossRef]

	



Ruhal, R.; Kataria, R. Biofilm Patterns in Gram-Positive and Gram-Negative Bacteria. Microbiol. Res. 2021, 251, 126829. [Google Scholar] [CrossRef]

	



Schniederberend, M.; Williams, J.F.; Shine, E.; Shen, C.; Jain, R.; Emonet, T.; Kazmierczak, B.I. Modulation of Flagellar Rotation in Surface-Attached Bacteria: A Pathway for Rapid Surface-Sensing after Flagellar Attachment. PLoS Pathog. 2019, 15, e1008149. [Google Scholar] [CrossRef] [PubMed]

	



Rather, M.A.; Gupta, K.; Mandal, M. Microbial Biofilm: Formation, Architecture, Antibiotic Resistance, and Control Strategies. Braz. J. Microbiol. 2021, 52, 1701–1718. [Google Scholar] [CrossRef] [PubMed]

	



Oh, J.K.; Yegin, Y.; Yang, F.; Zhang, M.; Li, J.; Huang, S.; Verkhoturov, S.V.; Schweikert, E.A.; Perez-Lewis, K.; Scholar, E.A.; et al. The Influence of Surface Chemistry on the Kinetics and Thermodynamics of Bacterial Adhesion. Sci. Rep. 2018, 8, 17247. [Google Scholar] [CrossRef]

	



Abdel-Rhman, S.H. Role of Pseudomonas aeruginosa Lipopolysaccharides in Modulation of Biofilm and Virulence Factors of Enterobacteriaceae. Ann. Microbiol. 2019, 69, 299–305. [Google Scholar] [CrossRef]

	



Huszczynski, S.M.; Lam, J.S.; Khursigara, C.M. The Role of Pseudomonas aeruginosa Lipopolysaccharide in Bacterial Pathogenesis and Physiology. Pathogens 2019, 9, 6. [Google Scholar] [CrossRef]

	



Harmsen, M.; Yang, L.; Pamp, S.J.; Tolker-Nielsen, T. An Update on Pseudomonas aeruginosa Biofilm Formation, Tolerance, and Dispersal. FEMS Immunol. Med. Microbiol. 2010, 59, 253–268. [Google Scholar] [CrossRef]

	



Nair, H.A.S.; Subramoni, S.; Poh, W.H.; Hasnuddin, N.T.B.; Tay, M.; Givskov, M.; Tolker-Nielsen, T.; Kjelleberg, S.; McDougald, D.; Rice, S.A. Carbon Starvation of Pseudomonas aeruginosa Biofilms Selects for Dispersal Insensitive Mutants. BMC Microbiol. 2021, 21, 255. [Google Scholar] [CrossRef] [PubMed]

	



Dubern, J.-F.; Halliday, N.; Cámara, M.; Winzer, K.; Barrett, D.A.; Hardie, K.R.; Williams, P. Growth Rate and Nutrient Limitation as Key Drivers of Extracellular Quorum Sensing Signal Molecule Accumulation in Pseudomonas aeruginosa. Microbiology 2023, 169, 001316. [Google Scholar] [CrossRef] [PubMed]

	



Soares, A.; Alexandre, K.; Etienne, M. Tolerance and Persistence of Pseudomonas aeruginosa in Biofilms Exposed to Antibiotics: Molecular Mechanisms, Antibiotic Strategies and Therapeutic Perspectives. Front. Microbiol. 2020, 11, 2057. [Google Scholar] [CrossRef]

	



Akiyama, T.; Williamson, K.S.; Schaefer, R.; Pratt, S.; Chang, C.B.; Franklin, M.J. Resuscitation of Pseudomonas aeruginosa from Dormancy Requires Hibernation Promoting Factor (PA4463) for Ribosome Preservation. Proc. Natl. Acad. Sci. USA 2017, 114, 3204–3209. [Google Scholar] [CrossRef]

	



Díaz-Salazar, C.; Calero, P.; Espinosa-Portero, R.; Jiménez-Fernández, A.; Wirebrand, L.; Velasco-Domínguez, M.G.; López-Sánchez, A.; Shingler, V.; Govantes, F. The Stringent Response Promotes Biofilm Dispersal in Pseudomonas Putida. Sci. Rep. 2017, 7, 18055. [Google Scholar] [CrossRef]

	



Scheffler, R.J.; Sugimoto, Y.; Bratton, B.P.; Ellison, C.K.; Koch, M.D.; Donia, M.S.; Gitai, Z. Pseudomonas aeruginosa Detachment from Surfaces via a Self-Made Small Molecule. J. Biol. Chem. 2021, 296, 100279. [Google Scholar] [CrossRef]

	



Fu, J.; Zhang, Y.; Lin, S.; Zhang, W.; Shu, G.; Lin, J.; Li, H.; Xu, F.; Tang, H.; Peng, G.; et al. Strategies for Interfering with Bacterial Early Stage Biofilms. Front. Microbiol. 2021, 12, 675843. [Google Scholar] [CrossRef]

	



Garrett, T.R.; Bhakoo, M.; Zhang, Z. Bacterial Adhesion and Biofilms on Surfaces. Prog. Nat. Sci. 2008, 18, 1049–1056. [Google Scholar] [CrossRef]

	



Duanis-Assaf, T.; Reches, M. Factors Influencing Initial Bacterial Adhesion to Antifouling Surfaces Studied by Single-Cell Force Spectroscopy. iScience 2024, 27, 108803. [Google Scholar] [CrossRef]

	



Rosales, A.B.; Causserand, C.; Coetsier, C.; Formosa-Dague, C. Probing the Reduction of Adhesion Forces between Biofilms and Anti-Biofouling Filtration Membrane Surfaces Using FluidFM Technology. Colloids Surf. B Biointerfaces 2024, 234, 113701. [Google Scholar] [CrossRef]

	



Balducci, E.; Papi, F.; Capialbi, D.E.; Del Bino, L. Polysaccharides’ Structures and Functions in Biofilm Architecture of Antimicrobial-Resistant (AMR) Pathogens. Int. J. Mol. Sci. 2023, 24, 4030. [Google Scholar] [CrossRef] [PubMed]

	



Haney, E.F.; Trimble, M.J.; Cheng, J.T.; Vallé, Q.; Hancock, R.E.W. Critical Assessment of Methods to Quantify Biofilm Growth and Evaluate Antibiofilm Activity of Host Defence Peptides. Biomolecules 2018, 8, 29. [Google Scholar] [CrossRef] [PubMed]

	



Wang, C.; Chen, W.; Xia, A.; Zhang, R.; Huang, Y.; Yang, S.; Ni, L.; Jin, F. Carbon Starvation Induces the Expression of PprB-Regulated Genes in Pesudomonas Aeruginosa. Appl. Environ. Microbiol. 2019, 85, e01705-19. [Google Scholar] [CrossRef]

	



Bains, M.; Fernández, L.; Hancock, R.E.W. Phosphate Starvation Promotes Swarming Motility and Cytotoxicity of Pseudomonas aeruginosa. Appl. Environ. Microbiol. 2012, 78, 6762–6768. [Google Scholar] [CrossRef] [PubMed]

	



Poulin, M.B.; Kuperman, L.L. Regulation of Biofilm Exopolysaccharide Production by Cyclic Di-Guanosine Monophosphate. Front. Microbiol. 2021, 12, 730980. [Google Scholar] [CrossRef]

	



Neznansky, A.; Blus-Kadosh, I.; Yerushalmi, G.; Banin, E.; Opatowsky, Y. The Pseudomonas aeruginosa Phosphate Transport Protein PstS Plays a Phosphate-Independent Role in Biofilm Formation. FASEB J. 2014, 28, 5223–5233. [Google Scholar] [CrossRef]

	



Tan, X.; Cheng, X.; Xiao, J.; Liu, Q.; Du, D.; Li, M.; Sun, Y.; Zhou, J.; Zhu, G. Alkaline Phosphatase LapA Regulates Quorum Sensing–Mediated Virulence and Biofilm Formation in Pseudomonas aeruginosa PAO1 under Phosphate Depletion Stress. Microbiol. Spectr. 2023, 11, e02060-23. [Google Scholar] [CrossRef]

	



Wang, X.; Wang, J.; Liu, S.-Y.; Guo, J.-S.; Fang, F.; Chen, Y.-P.; Yan, P. Mechanisms of Survival Mediated by the Stringent Response in Pseudomonas aeruginosa under Environmental Stress in Drinking Water Systems: Nitrogen Deficiency and Bacterial Competition. J. Hazard. Mater. 2023, 448, 130941. [Google Scholar] [CrossRef]

	



Hall, C.W.; Farkas, E.; Zhang, L.; Mah, T.-F. Potentiation of Aminoglycoside Lethality by C4-Dicarboxylates Requires RpoN in Antibiotic-Tolerant Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 2019, 63, e01313-19. [Google Scholar] [CrossRef]

	



Shao, X.; Zhang, X.; Zhang, Y.; Zhu, M.; Yang, P.; Yuan, J.; Xie, Y.; Zhou, T.; Wang, W.; Chen, S.; et al. RpoN-Dependent Direct Regulation of Quorum Sensing and the Type VI Secretion System in Pseudomonas aeruginosa PAO1. J. Bacteriol. 2018, 200, e00205-18. [Google Scholar] [CrossRef]

	



Lloyd, M.G.; Vossler, J.L.; Nomura, C.T.; Moffat, J.F. Blocking RpoN Reduces Virulence of Pseudomonas aeruginosa Isolated from Cystic Fibrosis Patients and Increases Antibiotic Sensitivity in a Laboratory Strain. Sci. Rep. 2019, 9, 6677. [Google Scholar] [CrossRef] [PubMed]

	



Lloyd, M.G.; Lundgren, B.R.; Hall, C.W.; Gagnon, L.B.-P.; Mah, T.-F.; Moffat, J.F.; Nomura, C.T. Targeting the Alternative Sigma Factor RpoN to Combat Virulence in Pseudomonas aeruginosa. Sci. Rep. 2017, 7, 12615. [Google Scholar] [CrossRef] [PubMed]








[image: Antibiotics 13 00987 g001] 





Figure 1. Viable cells (colony-forming units per mL, CFU/mL) of P. aeruginosa ATCC 27853 cultivated in Luria–Bertani (LB) broth, M9 medium with glucose as carbon source (M9) and under carbon (M9-C), nitrogen (M9-N) and phosphorus (M9-P) starvation, in static conditions at 37 °C (up to 72 h). 
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Figure 2. Representative images and quantitative evaluation (% of covered surface) of P. aeruginosa cells adhering in LB (a), M9 (b), M9-C (c), M9-N (d) and M9-P (e) media during transition stage from reversible to irreversible bacterial attachment (up to 120 min). Statistical significance of the difference between mean adhesion densities from each condition was evaluated using Tukey’s multiple comparison test and reported in Tables S1–S9. For ANOVA test, Tukey post hoc test for multiple comparison was used. One (*), two (**), and three (***) asterisks identify adjusted p-value < 0.01, 0.001, and 0.0001, respectively. 
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