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Abstract

:

In a previous work, some bacterial strains isolated from the Saline di Tarquinia marine salterns (Viterbo, Italy) showed very unusual growth profiles in relation to temperature and salinity variations when grown in solid media. In particular, Salinicola halophilus S28 showed optimal or suboptimal growth in a very wide range of NaCl concentrations, suggesting a great coping ability with salinity variations. These intriguing outcomes did not fit with the general Salinicola halophilus description as a moderately halophilic species. Therefore, this study profiles the actual physiological status of S28 cells subjected to different NaCl concentrations to provide evidence for the actual coping ability of strain S28 with broad salinity variations. Flow cytometry was selected as the evaluation method to study the physiological status of bacterial cells subjected to different salinity levels, monitoring the strain response at different growth phases over 72 h. Strain S28 showed maximal growth at 8% NaCl; however, it grew very well with no statistically significant differences at all salinity conditions (4–24% NaCl). Flow cytometric results provided clear evidence of its actual and strong ability to face increasing salinity, revealing a good physiological response up to 24% of NaCl. In addition, strain S28 showed very similar cell physiological status at all salinity levels, as also indicated by the flat growth profile revealed in the range of 4–24% NaCl. This is the first study regarding the physiological response during the growth of halophilic bacteria under different conditions of salinity via flow cytometry. This technique represents an effective tool for the investigation of the physiological status of each cell, even if it is somehow underrated and underused by microbiologists for this purpose.
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1. Introduction


Microorganisms are traditionally divided into three categories according to their salt demand for growth: non-halophiles (not requiring salt for growth), halotolerant (growing either in the presence or absence of salt), and halophiles (requiring salt for growth) [1,2]. Halophiles are further subdivided into three categories: slight–, moderate–, and extreme–halophiles, having their optimal growth approximately in the ranges of 2–5%, 5–20%, and 20–30% of NaCl concentration, respectively [3].



Some minor revisions have been proposed to improve this classification, such as the suggested introduction of a new category, “borderline extreme-halophiles”, to indicate microorganisms needing at least 12% of salt for their growth [2].



However, the increased number of studies characterizing the adaptive response of extremophilic microorganisms to environmental parameters evidenced that the classical categories are quite unsatisfying to describe the magnitude of microbial biodiversity, and the actual and diversified strategies to cope with environmental stresses. Thus, new categories have been proposed to better describe microorganisms that could barely be included in the traditional groups, showing very uncommon growth profiles in response to variations in chemical–physical parameters, particularly in unstable environments [4,5]. Nevertheless, for various strains, attribution to a well-defined category is still difficult.



Bacteria living in marine salterns, which are constituted by various linked shallow ponds generating an increasing salinity gradient, are subjected to extremely high environmental stress due to very intense daily and/or seasonal fluctuations of chemical–physical parameters (in particular, high variations in temperature and salinity) [6]. The strong environmental heterogeneity establishes complex biological communities distributed along the gradient [7,8,9], but at the highest salt concentrations, prokaryotic communities predominate and constitute effective models for studying the microorganism distribution pattern in extreme environments, and their adaptation according to the severe living conditions [7,10,11,12,13,14,15]. The stressful and frequent shifts in water availability and temperature, as demonstrated for other unstable extreme habitats [16,17,18], render these areas intriguing prototype models of global changes [19].



Saline di Tarquinia (ST) are marine salterns located at ca. 80 km northwest of Rome in the North Tyrrhenian Sea area. ST consist of a hundred-pond system (establishing an increasing salinity gradient) of ca. 135 ha that became a Nature Reserve in 1980. Despite the resultant changes in the system management and some alterations in site fashioning, ST retained extreme tracts, with rapid and broad variations in environmental parameters (primarily in salinity and water temperature) in most of the ponds [8].



In a previous work focused on bacteria isolated from ST, some strains with very uncommon growth profiles in relation to temperature and salinity variations were found. Some of them showed optimal or sub-optimal growth in a very wide range of NaCl concentrations, with broad adaptation to the sudden and repeated fluctuations of salinity [5] that are typical of these hypersaline environments [8]. Among these strains, an emblematic example is that of Salinicola halophilus strain S28.



Salinicola halophilus (Halomonadaceae family) has been described as a moderately halophilic, mesophilic, Gram-negative, rod-shaped, and motile bacterium [20]. As for other Salinicola species, its presence has been reported in a plethora of saline and hypersaline environments (from marine saltern ponds to the phyllosphere of halophytes) from different geographical areas [5,21,22,23]. S. halophilus growth was demonstrated in the salinity range of 3–25%, with the optimum between 7.5 and 10% [24].



A previous work [5] reported that strain S28 grows well in the salinity range of 40–24% with an apparent optimum at 8% salinity. On the basis of these characteristics, it should be considered a moderate–halophile. However, attribution to this category would have just a theoretical value, since its uncommon flat growth profile appeared to definitely be different from that of typical moderate halophiles, which show an evident growth rate drop beyond the optimum. Conversely, strain S28 growth at the (apparent) optimum was quite similar to that at the other tested salinities. Its growth was sub-optimal from 4 to 24% salinity (with no statistically significant differences).



In the mentioned study, the growth rate was measured in solid media (as the daily increase in colony diameter); thus, strain S28’s ability to grow well at the different salinity levels should be confirmed in liquid cultures. Providing detailed information on the actual physiological response of the strain subjected to the various salinity conditions is important to understand its actual coping ability. The physiological status can be effectively investigated by monitoring the injury degree of each bacterial cell subjected to the stressor using multiparametric flow cytometric analysis [25].



In fact, FC has been used to study the bacterial response and cell viability to various physiological stressors, such as ultrasound, UV light [26,27,28], high pressure [29,30,31], the effect of various phenolic compounds [32], metal concentration [33,34], antimicrobial substances [35], and temperature or freezing [36,37]. The effect of salt concentration was investigated on lactobacilli [38], halotolerant vibrios [39], and a whole microbial biofilm from a lab-scale wastewater treatment system [40]. By contrast, FC has never been used to investigate halophilic microorganism physiological response.



The current work aims to deepen knowledge about the physiological response of Salinicola halophilus S28 to salinity variations through flow cytometric analyses in order to assess the status of bacterial cells grown in liquid media at different NaCl concentrations. To better emphasize strain S28’s peculiar coping capacities and unique ability to grow very well and with the same growth rate within a broad range of salinity, its physiological response was compared to that of Halomonas halmophila S19. Strain S19, isolated from the same environment, displayed the classical growth profile of a moderately halophilic bacterium with a well-defined optimum and a marked reduction in growth rate beyond the optimal condition.




2. Materials and Methods


2.1. Microorganisms and Culture Conditions


Salinicola halophilus S28 and Halomonas halmophila S19 were isolated from salty waters collected from a crystallization pond within the Saline di Tarquinia marine salterns [5].



The strains were maintained in the Culture Collection of Marine Bacteria at the Department of Ecology and Biology of the University of Tuscia (Viterbo, Italy), at 4 °C on agar slants of Plate Count Agar (DIFCO) containing 8% Marine Salt (DIFCO), and routinely subcultured.




2.2. Liquid Cultures


Strains S28 and S19 were grown on Luria-Bertani (LB) agar plates containing 8% of NaCl at 30 and 25 °C, respectively (according to their optimal conditions reported by Barghini et al. [5]). After 24 h of incubation, cells were harvested and suspended (108 cell/mL) in 8% NaCl solution in distilled water. From this concentrated suspension, the required cell amount to reach a final concentration of 106 cell/mL was taken and resuspended in salt-free LB added with different amounts of NaCl (range, 0–28% NaCl; step, 4%). Three replicates for each culture condition (250 mL Erlenmeyer flasks filled with 50 mL of the medium) were incubated in an orbital shaker (180 rpm and 30 or 25 °C for S28 and S19 strains, respectively) for 72 h. Samples taken after 0, 1, 2, 4, 8, 12, 24, 48, and 72 h of incubation were used for the spectrophotometric determination of cell growth (OD600) and the flow-cytometric characterization of the cell physiological status.



All media and NaCl solutions were autoclaved at 121 °C for 20 min.




2.3. Flow Cytometric Analysis


FC analysis was performed at the Center for Scientific Instrumentation (University of Granada, Granada, Spain) using a FACSCanto II cytometer (Becton Dickinson, San José, CA, USA). The flow cytometer was equipped with three laser sets (405, 488, and 625 nm) and detectors for forward–scatter and side–scatter, and eight fluorescence colors. Acquisition from the FC and data analysis (including the calculation of cell subpopulation percentage) was performed by FACSDiva v. 6.1.3 software (Becton Dickinson, USA).



Samples were stained by adding propidium iodide (PI) and 3,3-dihexylocarbocyanine iodide (DiOC6) or fluorescein diacetate (FDA) to reach a final concentration of 1.0, 0.005, and 2.0 μg/mL, respectively. After 15 min of incubation at 30 °C (S28) or 25 °C (S19), stained samples were loaded onto the multiparameter flow cytometer and analyzed.



Different combinations of fluorogenic dyes allowed for characterizing the physiological status of each cell as follows. PI/DiOC6 staining permits revealing the presence of both intact polarized cytoplasmic membranes and active transport systems, which are essential for a fully functional cell. DiOC6 accumulates intracellularly when membranes are polarized or hyperpolarized, indicating a physiological status of metabolically active cells. PI binds to DNA, crossing injured cytoplasmic membranes indicating dying or dead cells; dead cells are red fluorescent [41,42]. In addition, cell viability was tested using the combination of PI and FDA. FDA is a non-fluorescent precursor that is actively transported into viable cells (with an intact cell membrane) and is converted by cellular esterases into a polar membrane-impermeant fluorescent product (fluorescein). This is indicative of cell viability, since cell staining capability requires both effective enzymatic activity (needed for fluorescein production) and cell-membrane integrity (needed for fluorescein retention). Cells having good homeostasis and efficient esterase activity are green fluorescent [42,43].




2.4. Statistical Data Analysis


For the two strains, the growth differences among the various salinity conditions were assessed by non-parametric tests (Kruskal–Wallis, one-way analysis of variance, and Kolmogorov–Smirnov two-sample tests). The statistical analysis of the FC data was performed by parametric tests (one-way analysis of variance and Tukey’s test). These tests were performed on the basis of data assessments obtained by the Shapiro–Wilk and Levene tests (performed to test the normal data distribution and homogeneity of variance assumptions, respectively). All the tests were run using the statistical software Systat 8.0 (Systat Software Inc., Point Richmond, CA, USA).





3. Results and Discussion


3.1. Growth in Liquid Medium at Different NaCl Concentrations


In a previous work, Salinicola halophilus S28 was reported for its uncommon flat growth curve in relation to different salt concentrations (within 4–24% of salinity) [5].



In the current study, the physiological response of S28 was assessed by FC analysis to provide information on its actual physiological status during growth when submitted to different NaCl concentrations. As a comparison, the same analysis was carried out on H. halmophila S19, which showed the classical growth profile with respect to salinity variations characterized by an evident growth rate drop beyond the optimum.



For both strains, the maximal growth was recorded at 24 h of incubation. Figure 1 and Figure 2 report the growth profiles of strains S28 and S19, respectively, in liquid cultures at different salinity conditions (0–28% NaCl concentration, steps of 4%); for each salinity level, the correspondent output of the FC analyses (PI/FDA staining) at different growth times (0, 4, 24, 48 and 72 h) is also shown.



S. halophilus S28 grew well in the range of 4–24% NaCl, with no statistically significant differences among all the salinity conditions (p = 0.150, Kruskal–Wallis one-way analysis of variance); maximal growth was observed at 8% NaCl (Figure 1). These results confirmed the previous observations indicating its very uncommon growth profile and provided clear evidence that all salinity conditions (from 4% up to 24% of NaCl) supported the same high growth-rate levels.



A very different growth profile was obtained for H. halmophila S19 that had the same salinity growth range (4–24% NaCl), but showed a marked growth decrease at salinities higher than the optimum (4% NaCl) (Figure 2). The optimal condition recorded in this study was a lower salinity level than that of the previous investigation (8% salinity). This would allow for the classification of S19 as a slight rather than a moderate halophile. However, the discrepancy between the optimal values may have been due to the different methods used for growth determination. Growth detection in liquid cultures is reasonably more accurate than that in solid media (growth measured as colony diameter increases).



The findings of the present work appear somehow not consistent with the literature, which generally describes the species as moderately halophilic [20,44]. However, due to the extremely huge bacterial diversity, it is possible that strain S19 may have different adaptation features from those of other members of the species, driven by the specific ecosystem.




3.2. Physiological Response at Increasing NaCl Concentrations


FC analysis based on PI/FDA staining allowed for assessing viability and cell damage (evaluating membrane integrity and the presence of intracellular esterase activity) over the incubation time in relation to the different NaCl concentrations. The PI/FDA double staining enabled the individuation of four subpopulations: cells with an intact membrane and the presence of esterase activity (PI-/FDA+), cells with a minimally damaged membrane and the presence of esterase activity (PI+/FDA+), cells with an intact membrane but the absence of esterase activity (PI-/FDA-), and cells with a compromised membrane and the absence of esterase activity (dead cells; PI+/FDA-) [38].



FC profiles clearly demonstrated the great coping ability of strain S28, which had similar physiological responses at all salinities in the range 4–24% NaCl (Figure 1). At these salinities, cells with intact membranes and the presence of esterase activity (PI-/FDA+) represented the highest fraction (45.4–99.7% of S28 total cells) over the first 24 h of incubation. Furthermore, the PI-/FDA+ percentage increased from the early hours to reach the maximum at 24 h, when maximal growth occurred. At 48 h, a decrease in PI-/FDA+ cells and an increase in cells having an intact membrane but not showing intracellular esterase activity (PI-/FDA-) were recorded. At 72 h, almost all cells were PI-/FDA-, and a small fraction (0.1–0.9%) were represented by cells with intracellular esterase activity that began to have a minimally damaged membrane (PI+/FDA+). Unlike the other salinity conditions, more than 25% of the cells were dead (PI+/FDA-) at 72 h of incubation at 8% NaCl (salinity condition supporting maximal growth). Since growth at the best salinity condition is both higher and faster, a fraction of the cells presumably began to die at 72 h due to starvation.



Considering each incubation time, the statistical analysis performed on the abundance (%) of the cell subpopulation at the various salinities showed a certain variability: some abundances were not statistically different (p < 0.05; ANOVA followed by Tukey’s test), whereas others, although definitely similar, were statistically different. For instance, at 4 h of incubation, the abundances of the PI-/FDA- and PI-/FDA+ subpopulations at 16% salinity were different from those at 20% and 24%; at 48 h of incubation, the abundances of the PI-/FDA- and PI-/FDA+ subpopulations at 16% salinity were different from those at 20%. However, in most cases, these fluctuations may have been due to random factors, and at each incubation time, although some subpopulation percentages between various salinities were statistically different, FC graphs clearly show an overall similar physiological cell status.



The great adaptation ability of S28 (as revealed by its cell physiological status that was very similar at all salinities from 4% up to 24% NaCl) was more evident when compared with that of S19, which showed worse ability to cope with the rising NaCl concentrations (Figure 2). Also for S19, an increase in PI-/FDA+ percentage was observed starting from the early hours to reach the maximum at 24 h (in correspondence with maximal growth), but only at the salinities in the range 4–16% NaCl. At salinities higher than 16% NaCl, an increase in cells having an intact membrane but not showing intracellular esterase activity, and the presence of cells with intracellular esterase activity but a minimally damaged membrane were recorded already after 4 h of incubation. In addition, a rather high presence of injured cells (with slightly damaged or compromised membrane) was observed at 24 h of incubation at 24% salinity; PI+/FDA+ and PI+/FDA- subpopulations represented 15.6% and 1.1% of the S19 cells, respectively. At 48 h, an increase in the cells with intact membrane and no intracellular esterase activity were recorded at salinities in the range of 4–160%, whereas a high presence of dead cells was observed at 20% and 24% NaCl (31% and 84.4%, respectively). At 72 h, the percentage of cells with slightly damaged or compromised membranes increased at all salinities; in particular, a high fraction (60.5–77.8%) of dead cells (PI+/FDA-) was recorded at 12–24% NaCl.



To obtain further insights into the differences in the physiological responses between the two strains, a different combination of fluorogenic staining (DiOC6/PI) was used. Figure 3 shows the comparison of the time evolution of the two strain cell subpopulations at the salinity related to maximal and/or optimal growth (8% NaCl for S28 and 4% NaCl for S19), intermediate salinity (16% NaCl), and at the upper range limit (24% NaCl).



FC analysis based on DiOC6/PI staining permitted the evaluation of cell physiological status based on membrane integrity and potential. The staining allowed for recognizing the following subpopulations: cells with an intact and low-polarized membrane (cells in latency; DiOC6-/PI-), cells with an intact and highly polarized membrane (metabolically active cells, DiOC6+/PI-), cells with a polarized but permeabilized membrane (suffering cells starting to lose membrane polarization and to acquire PI; DiOC6+/PI+), and cells with a compromised and depolarized membrane (dead cells; DiOC6-/PI+) [32,42].



S28 subpopulation trends at 16% and 24% NaCl were quite similar to those at 8% (maximal growth salinity condition) (Figure 3). Overall, latent and metabolically active cells exhibited specular trends over the 72 h. At 8% NaCl, after 8 h, almost all cells were metabolically active (DiOC6+/IP-). A slight decrease in this subpopulation occurred between 8 and 48 h, with a concomitant slight increase in latent cells (DiOC6-/IP-). A sharp drop in metabolically active cells and a sharp increase in latent cells were recorded between 48 and 72 h of incubation. At 16% and 24% NaCl, after 4 h, almost all cells were metabolically active. A slight decrease in this subpopulation occurred between 8 and 24 h, with a concurrent slight increase in latent cells. The drop in metabolically active cells and the increase in latent cells were more pronounced between 24 and 48 h, and became sharp between 48 and 72 h. These results confirmed those obtained via the combination of PI/FDA staining, stating that S28 could cope well with the salinity increase up to 24% NaCl.



By contrast, S19 showed scarce ability to face increasing NaCl concentrations. At the optimal salinity (4% NaCl), at 2 h of incubation, 99% of S19 cells were metabolically active. A slight decrease in this subpopulation was recorded between 2 and 8 h with a concomitant slight increase in latent cells (DiOC6-/IP-); between 8 and 48 h of incubation, the S19 subpopulation percentage remained almost unchanged. A marked decrease in metabolically active cells and a parallel marked increase in latent cells were observed between 48 and 72 h; in addition, 2% of cells were dead (DiOC6-/PI+) at 72 h. At the optimal salinity, the subpopulation trends of the two strains were quite similar. Compared to S28, S19 showed a very different physiological response at the intermediate and upper limit salinities of the growth range. At 16% NaCl, already within the first hours of incubation, certain strain suffering was recorded, with a rather low percentage of metabolically active cells. At 8 h, the metabolically active cell percentages decreased, while a strong increase in the latent cell fraction was recorded. Between 8 and 48 h, a further increase in latent cells with a concomitant decrease in metabolically active cells were recorded (at 48 h, 91.4% of cells were in latency). Between 48 and 72 h, the percentage of these subpopulations remained almost unchanged. In addition, at 16% NaCl, starting from 8 h of incubation, a percentage of dead cells (4.4%) was recorded, which slightly increased thereafter (up to 6.7% at 72 h). At 24% NaCl, already after 4 h of incubation, 58.5% of cells were in latency, and 40.1% were dead. Between 8 and 24 h, a sharp increase in dead cells was observed (from 33.3% to 79%); at 24 h, 20.3% of cells were in latency. Between 24 and 72 h, the dead cells further increased (up to 88.5% at 72 h), while the latent cells decreased (to 11.5% at 72 h).





4. Conclusions


The current work, representing the first manuscript studying the physiology of halophilic microorganisms by flow cytometry, confirmed the great coping ability of Salinicola halophilus S28 with respect to salinity variations suggested by preliminary studies. Although the species is generally considered a moderate halophile, strain S28, due to its unique growth profile, does not fit with the characteristics of this category of halophiles. Its very flat growth profile in a broad range of NaCl concentrations (with no significant growth differences in the range of 4–24% NaCl) has never been reported for other strains of this species and other bacteria. FC results clearly demonstrated the strong ability of S28 to face increasing salt concentrations, as indicated by the good physiological status of the bacterial cells up to 24% salinity. This unusual response was further highlighted by the comparison with that of Halomonas halmophila S19, which was able to grow within the same salinity range, but showed a typical marked growth rate drop beyond the optimum.



This work represents a valid starting point for the further detailed study of this strain, which should be oriented towards the understanding of the molecular mechanisms at the core of its uncommon coping ability to broad salinity variations. The study of its genome would also allow for individuating specific traits to test for possible applications. In fact, the strain coping ability could be used in industrial and/or environmental biotechnology, such as the production of salt-tolerant enzymes and the biodegradation of pollutants (as shown by other strains of the species) in halophilic conditions.







Author Contributions


Conceptualization, B.J.-J., M.F. and S.G.; methodology, B.J.-J. and M.F.; validation, B.J.-J., M.F., M.P., B.M.-P., D.C.-G., M.B. and S.G.; formal analysis, M.P. and S.G.; investigation, B.J.-J., B.M.-P., D.C.-G., M.B. and S.G.; resources, B.J.-J., M.F., M.P. and S.G.; writing—original draft preparation, B.J.-J., M.F., M.P., B.M.-P., D.C.-G., M.B. and S.G.; writing—review and editing, B.J.-J., M.F., M.P., B.M.-P., D.C.-G., M.B. and S.G.; visualization, B.M.-P., D.C.-G., M.B. and S.G.; supervision, B.J.-J., M.F. and S.G.; project administration, B.J.-J., M.F. and S.G.; funding acquisition, B.J.-J., M.F. and S.G. 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


Not applicable.




Acknowledgments


The authors wish to thank Jaime Lazúen Alcón of the Service of Fundamental Biology, Center for Scientific Instrumentation, University of Granada, Granada, Spain for the kind support in flow cytometric analysis, and the staff of Comando Unità per la Tutela Forestale Ambientale e Agroalimentare Carabinieri, Posto fisso di Tarquinia UTB Carabinieri, Riserva Naturale Statale Saline di Tarquinia, Località Saline, 01016 Tarquinia—Viterbo for the kind support during sampling.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kushner, D.J. Life in high salt and solute concentrations: Halophilic bacteria. In Microbial Life in Extreme Environments; Kushner, D.J., Ed.; Academic Press: London, UK, 1978; pp. 317–318. [Google Scholar]

	



Margesin, R.; Schinner, F. Potential of halotolerant and halophilic microorganisms for biotechnology. Extremophiles 2001, 5, 73–83. [Google Scholar] [CrossRef] [PubMed]

	



Ollivier, B.; Caumette, P.; Garcia, J.L.; Mah, R.A. Anaerobic bacteria from hypersaline environments. Microbiol. Rev. 1994, 58, 27–38. [Google Scholar] [CrossRef] [PubMed]

	



Pesciaroli, C.; Cupini, F.; Selbmann, L.; Barghini, P.; Fenice, M. Temperature preferences of bacteria isolated from seawater collected in Kandalaksha Bay, White Sea, Russia. Polar. Biol. 2012, 35, 435–445. [Google Scholar] [CrossRef]

	



Barghini, P.; Pasqualetti, M.; Gorrasi, S.; Fenice, M. Bacteria from the “Saline di Tarquinia” marine salterns reveal very atypical growth profiles with regards to salinity and temperature. Mediterr. Mar. Sci. 2018, 19, 513–525. [Google Scholar] [CrossRef]

	



Barghini, P.; Aquilanti, A.; Silvi, S.; Gorrasi, S.; Juarez-Jimenez, B.; Cordova-Salas, K.; Fenice, M. Study on the Bacterial Diversity of the Productive Marine Salterns ‘Saline di Trapani-Paceco’, Trapani, Italy. J. Environ. Prot. Ecol. 2015, 16, 1389–1396. [Google Scholar]

	



Ventosa, A.; Fernández, A.B.; León, M.J.; Sánchez-Porro, C.; Rodriguez-Valera, F. The Santa Pola Saltern as a Model for Studying the Microbiota of Hypersaline Environments. Extremophiles 2014, 18, 811–824. [Google Scholar] [CrossRef]

	



Gorrasi, S.; Franzetti, A.; Ambrosini, R.; Pittino, F.; Pasqualetti, M.; Fenice, M. Spatio-temporal variation of the bacterial communities along a salinity gradient within a thalassohaline environment (Saline di Tarquinia salterns, Italy). Molecules 2021, 26, 1338. [Google Scholar] [CrossRef]

	



Song, T.; Liang, Q.; Du, Z.; Wang, X.; Chen, G.; Du, Z.; Mu, D. Salinity Gradient Controls Microbial Community Structure and Assembly in Coastal Solar Salterns. Genes 2022, 13, 385. [Google Scholar] [CrossRef] [PubMed]

	



Barghini, P.; Giovannini, V.; Fenice, M.; Gorrasi, S.; Pasqualetti, M. High lutein production by a halo-tolerant strain of Dunaliella sp. (Chlorophyceae) isolated from solar salterns in central Italy. J. Environ. Prot. Ecol. 2018, 19, 704–712. [Google Scholar]

	



Sultanpuram, V.R.; Mothe, T. Microbial Ecology of Saline Ecosystems. In Microorganisms in Saline Environments: Strategies and Functions; Giri, B., Varma, A., Eds.; Springer: Cham, Switzerland, 2019; Volume 56. [Google Scholar] [CrossRef]

	



Gorrasi, S.; Pasqualetti, M.; Franzetti, A.; Pittino, F.; Fenice, M. Vibrio communities along a salinity gradient within a marine saltern hypersaline environment (Saline di Tarquinia, Italy). Environ. Microbiol. 2020, 22, 4356–4366. [Google Scholar] [CrossRef]

	



Gorrasi, S.; Pasqualetti, M.; Franzetti, A.; Gonzalez-Martinez, A.; Gonzalez-Lopez, J.; Muñoz-Palazon, B.; Fenice, M. Persistence of Enterobacteriaceae drawn into a marine saltern (Saline di Tarquinia, Italy) from the adjacent coastal zone. Water 2021, 13, 1443. [Google Scholar] [CrossRef]

	



Durán-Viseras, A.; Sánchez-Porro, C.; Ventosa, A. Genomic insights into new species of the genus Halomicroarcula reveals potential for new osmoadaptative strategies in halophilic Archaea. Front. Microbiol. 2021, 12, 3336. [Google Scholar] [CrossRef]

	



Gorrasi, S.; Pasqualetti, M.; Braconcini, M.; Muñoz-Palazon, B.; Fenice, M. Could Pontimonas Harbour Halophilic Members Able to Withstand Very Broad Salinity Variations? Microorganisms 2022, 10, 790. [Google Scholar] [CrossRef] [PubMed]

	



Reboleiro-Rivas, P.; Juarez-Jimenez, B.; Martinez-Toledo, M.V.; Rodelas, M.; Andrade, L.; Gonzalez-Lopez, J.; Fenice, M. Bacterial Communities Structure in a High Mountain Lake During the Ice-free Season: Cultural and PCR-TGGE Investigations. Int. J. Environ. Res. 2013, 7, 685–696. [Google Scholar]

	



Andrade, L.; González-López, J.; Fenice, M.; Martínez-Toledo, M.V.; Pesciaroli, C.; Maza-Márquez, P.; Juárez-Jiménez, B. Application of Response Surface Methodology (RSM) for Culture Conditions and Biomass Production of Psychrophilic Microalgae Isolated from High Mountains Lake During the Ice-free Season. Int. J. Environ. Res. 2014, 8, 799–812. [Google Scholar] [CrossRef]

	



Gorrasi, S.; Pesciaroli, C.; Barghini, P.; Pasqualetti, M.; Fenice, M. Structure and Diversity of the Bacterial Community of an Arctic Estuarine System (Kandalaksha Bay) Subject to Intense Tidal Currents. J. Mar. Syst. 2019, 196, 77–85. [Google Scholar] [CrossRef]

	



Barghini, P.; Pasqualetti, M.; Gorrasi, S.; Fenice, M. Study of Bacterial Diversity of a Saltern Crystallisation Pond (‘Saline di Tarquinia’, Italy) and Its Correlation with Salinity Variations. J. Environ. Prot. Ecol. 2018, 19, 139–145. [Google Scholar]

	



Aguilera, M.; Cabrera, A.; Incerti, C.; Fuentes, S.; Russell, N.J.; Ramos-Cormenzana, A.; Monteoliva-Sánchez, M. Chromohalobacter salarius sp. nov., a moderately halophilic bacterium isolated from a solar saltern in Cabo de Gata, Almeria, southern Spain. Int. J. Syst. Evol. Microbiol. 2007, 57, 1238–1242. [Google Scholar] [CrossRef]

	



Kim, K.K.; Jin, L.; Yang, H.C.; Lee, S.T. Halomonas gomseomensis sp. nov., Halomonas janggokensis sp. nov., Halomonas salaria sp. nov. and Halomonas denitrificans sp. nov., moderately halophilic bacteria isolated from saline water. Int. J. Syst. Evol. Microbiol. 2007, 57, 675–681. [Google Scholar] [CrossRef] [PubMed]

	



Lepcha, R.T.; Poddar, A.; Schumann, P.; Das, S.K. Comparative 16S rRNA signatures and multilocus sequence analysis for the genus Salinicola and description of Salinicola acroporae sp. nov., isolated from coral Acropora digitifera. Antonie Van Leeuwenhoek 2015, 108, 59–73. [Google Scholar] [CrossRef]

	



del Rocío Mora-Ruíz, M.; Font-Verdera, F.; Díaz-Gil, C.; Urdiaín, M.; Rodríguez-Valdecantos, G.; González, B.; Orfila, A.; Rosselló-Móra, R. Moderate halophilic bacteria colonizing the phylloplane of halophytes of the subfamily Salicornioideae (Amaranthaceae). Syst. Appl. Microbiol. 2015, 38, 406–416. [Google Scholar] [CrossRef]

	



Plotnikova, E.G.; Anan’ina, L.N.; Ariskina, E.V.; Evtushenko, L.I. Salinicola. In Bergey’s Manual of Systematics of Archaea and Bacteria; John Wiley & Sons: New York, NY, USA, 2020; pp. 1–29. [Google Scholar] [CrossRef]

	



Ambriz-Aviña, V.; Contreras-Garduño, J.A.; Pedraza-Reyes, M. Applications of flow cytometry to characterize bacterial physiological responses. Biomed. Res. Int. 2014, 2014, 461941. [Google Scholar] [CrossRef]

	



Joyce, E.; Al-Hashimi, A.; Mason, T.J. Assessing the effect of different ultrasonic frequencies on bacterial viability using flow cytometry. J. Appl. Microbiol. 2011, 110, 862–870. [Google Scholar] [CrossRef] [PubMed]

	



Schenk, M.; Raffellini, S.; Guerrero, S.; Blanco, G.A.; Alzamora, S.M. Inactivation of Escherichia coli, Listeria innocua and Saccharomyces cerevisiae by UV-C light: Study of cell injury by flow cytometry. LWT 2011, 44, 191–198. [Google Scholar] [CrossRef]

	



Chiang, E.L.; Lee, S.; Medriano, C.A.; Li, L.; Bae, S. Assessment of physiological responses of bacteria to chlorine and UV disinfection using a plate count method, flow cytometry and viability PCR. J. Appl. Microbiol. 2022, 132, 1788–1801. [Google Scholar] [CrossRef] [PubMed]

	



Ananta, E.; Heinz, V.; Knorr, D. Assessment of high pressure induced damage on Lactobacillus rhamnosus GG by flow cytometry. Food Microbiol. 2004, 21, 567–577. [Google Scholar] [CrossRef]

	



Rault, A.; Béal, C.; Ghorbal, S.; Ogier, J.C.; Bouix, M. Multiparametric flow cytometry allows rapid assessment and comparison of lactic acid bacteria viability after freezing and during frozen storage. Cryobiology 2007, 55, 35–43. [Google Scholar] [CrossRef] [PubMed]

	



Scoma, A.; Garrido-Amador, P.; Nielsen, S.D.; Roy, H.; Kjeldsen, K.U. The polyextremophilic bacterium Clostridium paradoxum attains piezophilic traits by modulating its energy metabolism and cell membrane composition. Appl. Environ. Microbiol. 2019, 85, e00802–e008019. [Google Scholar] [CrossRef]

	



Juárez-Jiménez, B.; Manzanera, M.; Rodelas, B.; Martínez-Toledo, M.V.; Gonzalez-López, J.; Crognale, S.; Pesciaroli, C.; Fenice, M. Metabolic characterization of a strain (BM90) of Delftia tsuruhatensis showing highly diversified capacity to degrade low molecular weight phenols. Biodegradation 2010, 21, 475–489. [Google Scholar] [CrossRef] [PubMed]

	



Fernández-Castané, A.; Li, H.; Thomas, O.R.T.; Overton, T.W. Flow cytometry as a rapid analytical tool to determine physiological responses to changing O2 and iron concentration by Magnetospirillum. Sci. Rep. 2017, 7, 13118. [Google Scholar] [CrossRef]

	



Singh, P.K.; Kushwaha, A.; Hans, N.; Gautam, A.; Rani, R. Evaluation of the cytotoxicity and interaction of lead with lead resistant bacterium Acinetobacter junii Pb1. Braz. J. Microbiol. 2019, 50, 223–230. [Google Scholar] [CrossRef] [PubMed]

	



Braschi, G.; Patrignani, F.; Siroli, L.; Lanciotti, R.; Schlueter, O.; Froehling, A. Flow cytometric assessment of the morphological and physiological changes of Listeria monocytogenes and Escherichia coli in response to natural antimicrobial exposure. Front. Microbiol. 2018, 9, 2783. [Google Scholar] [CrossRef] [PubMed]

	



Baatout, S.; De Boever, P.; Mergeay, M. Temperature-induced changes in bacterial physiology as determined by flow cytometry. Ann. Microbiol. 2005, 55, 73–80. [Google Scholar]

	



Cal-Sabater, P.; Caro, I.; Castro, M.J.; Cao, M.J.; Mateo, J.; Quinto, E.J. Flow cytometry to assess the counts and physiological state of Cronobacter sakazakii cells after heat exposure. Foods 2019, 8, 688. [Google Scholar] [CrossRef]

	



Gandhi, A.; Shah, N.P. Effect of salt on cell viability and membrane integrity of Lactobacillus acidophilus, Lactobacillus casei and Bifidobacterium longum as observed by flow cytometry. Food Microbiol. 2015, 49, 197–202. [Google Scholar] [CrossRef]

	



Kim, L.H.; Chong, T.H. Physiological responses of salinity-stressed Vibrio sp. and the effect on the biofilm formation on a nanofiltration membrane. Environ. Sci. Technol. 2017, 51, 1249–1258. [Google Scholar] [CrossRef]

	



Wang, J.; Liu, Q.; Wu, B.; Hu, H.; Dong, D.; Yin, J.; Ren, H. Effect of salinity on mature wastewater treatment biofilm microbial community assembly and metabolite characteristics. Sci. Total Environ. 2020, 711, 134437. [Google Scholar] [CrossRef]

	



Reis, A.; da Silva, T.L.; Kent, C.A.; Kosseva, M.; Roseiro, J.C.; Hewitt, C.J. Monitoring population dynamics of the thermophilic Bacillus licheniformis CCMI 1034 in batch and continuous cultures using multi-parameter flow cytometry. J. Biotechnol. 2005, 115, 199–210. [Google Scholar] [CrossRef]

	



Silvi, S.; Barghini, P.; Aquilanti, A.; Juarez-Jimenez, B.; Fenice, M. Physiologic and metabolic characterization of a new marine isolate (BM39) of Pantoea sp. producing high levels of exopolysaccharide. Microb. Cell Fact. 2013, 12, 10. [Google Scholar] [CrossRef]

	



Nebe-von Caron, G.; Badley, R.A. Bacterial characterization by flow cytometry. In Flow Cytometry Applications in Cell Culture; CRC Press: Boca Raton, FL, USA, 2020; pp. 257–290. [Google Scholar]

	



Ramos-Cormenzana, A. Ecology of moderately halophilic bacteria. In The Biology of Halophilic Bacteria; Vreeland, R.H., Hochstein, L.I., Eds.; CRC Press: Boca Raton, FL, USA, 2020; pp. 55–86. [Google Scholar] [CrossRef]








[image: Microbiolres 14 00034 g001 550] 





Figure 1. Growth profile and physiological response (FC analysis based on PI/FDA staining) of Salinicola halophilus S28 grown in LB containing different concentrations of NaCl. Growth data (OD600) are the mean of three replicates, and standard deviation (bars) was less than 10%. No significant differences in growth among the NaCl conditions were observed (Kruskal–Wallis one-way analysis of variance: p = 0.150). Cell subpopulations individuated by PI/FDA double staining: cyan = FDA-/PI-, cells with an intact membrane but absence of esterase activity; green = FDA+/PI-, cells with intact membrane and presence of esterase activity; blue = FDA+/PI+, cells with minimally damaged membrane and presence of esterase activity; red = FDA-/PI+, cells with compromised membrane and absence of esterase activity (dead cells). 
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Figure 2. Growth profile and physiological response (FC analysis based on PI/FDA staining) of Halomonas halmophila S19 grown in LB containing different concentrations of NaCl. Growth data (OD600) are the mean of three replicates, standard deviation (bars) was less than 10%. The same superscript letters indicate no significant differences in growth between NaCl conditions (Kruskal–Wallis one-way analysis of variance, and Kolmogorov–Smirnov two-sample tests). Cell subpopulations individuated by PI/FDA double staining: cyan = FDA-/PI-, cells with an intact membrane but absence of esterase activity; green = FDA+/PI-, cells with intact membrane and presence of esterase activity; blue = FDA+/PI+, cells with minimally damaged membrane and presence of esterase activity; red = FDA-/PI+, cells with compromised membrane and absence of esterase activity (dead cells). 
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Figure 3. Time evolution of the cell subpopulations of Salinicola halophilus S28 and Halomonas halmophila S19 grown in LB containing different NaCl concentrations as revealed by FC analysis (DiOC6/PI staining). Time evolution of cell subpopulations was reported for the best salinity condition for growth (8% NaCl for S28 and 4% NaCl for S19), intermediate salinity (16% NaCl), and the upper range limit (24% NaCl). Line colors represent the cell subpopulations individuated by DiOC6/PI staining: cyan = DiOC6-/PI-, cells with an intact and low-polarized membrane (cells in latency); green = DiOC6+/PI-, cells with an intact and highly polarized membrane (metabolically active cells); blue = DiOC6+/PI+, cells with a polarized but permeabilized membrane (suffering cells starting to lose membrane polarization and to acquire PI); red = DiOC6-/PI+, cells with a compromised and depolarized membrane (dead cells). Same superscript letters on colored lines indicate not statistical differences (ANOVA followed by Tukey test; p > 0.05) among subpopulation abundance along time. 
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