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Abstract

:

Global warming and acidification of the global ocean are two important manifestations of the ongoing climate change. To characterize their joint impact on Vibrio adaptation and fitness, we analyzed the temperature-dependent adaptation of Vibrio harveyi at different pHs (7.0, 7.5, 8.0, 8.3 and 8.5) that mimic the pH of the world ocean in the past, present and future. Comparison of V. harveyi growth at 20, 25 and 30 °C show that higher temperature per se facilitates the logarithmic growth of V. harveyi in nutrient-rich environments in a pH-dependent manner. Further survival tests carried out in artificial seawater for 35 days revealed that cell culturability declined significantly upon incubation at 25 °C and 30 °C but not at 20 °C. Moreover, although acidification displayed a negative impact on cell culturability at 25 °C, it appeared to play a minor role at 30 °C, suggesting that elevated temperature, rather than pH, was the key player in the observed reduction of cell culturability. In addition, analyses of the stressed cell morphology and size distribution by epifluorescent microscopy indicates that V. harveyi likely exploits different adaptation strategies (e.g., acquisition of coccoid-like morphology) whose roles might differ depending on the temperature–pH combination.
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1. Introduction


Oceans play an important role on our planet as they represent almost 90% of the Earth’s ecosystems and are inhabited by a great number of organisms, including a myriad of different prokaryotic species [1]. However, this profound biodiversity has been altered and noticeably reduced due to the ongoing climate change caused by human activities. Climate change is defined as a long-term alteration in the average weather patterns that impact regional and global climates [2]. This change has been mainly caused by global warming, which is manifested by the long-term warming of the Earth’s climate that started in the preindustrial era (between 1850–1900) and is mainly due to fossil fuel burning which increases greenhouse gas emissions, consequently trapping heat in the atmosphere [2]. As most of the excessive heat produced due to human activities has been absorbed by the ocean, the temperature of the sea surface has been rising continuously [3]. As a result, sea surface temperature (SST) has been increasing by 0.078 °C each decade since 1880. The increase has become greater recently, as the current rate of warming has doubled since 1981 [4].



Another negative consequence of climate change consists in an increase in the concentration of atmospheric CO2 from 280 parts per million (ppm) to 412.5 ppm since the pre-industrial era [4]. Almost 30% of it has been captured by the global ocean [3], thereby disturbing the equilibrium in the ocean carbonate system [5] and subsequently reducing its average pH from 8.3 to 8.1 [4]. The lower pH can negatively affect the life of marine organisms, including coral reefs, potentially reducing their protection of other species [6,7,8]. Other adverse effects of ocean acidification include inhibition of shell formation of oyster larvae [9], significantly altering the metabolism and physiology of abalone species [10] as well as suppression of invertebrate immunosystem [11,12]. The alterations in fitness and weakening of immune defense can facilitate infection of industrially important organisms, thus not only causing an economic loss in aquaculture [13] but also increasing the risk of disease transmission by the infected animals to consumers [14,15].



In addition to affecting many eukaryotic organisms, climate change also has a profound effect on marine microbiota, including a large number of Vibrio spp. which belong to the Vibrionaceae family and are known for their essential role in carbon cycling and host–pathogen interactions. The ability of Vibrio spp. to provide characteristic responses to environmental stress has made them attractive model organisms to study the impact of climate change. Previous work revealed that the seasonal variations in environmental parameters, such as temperature and salinity, can greatly affect Vibrio abundance and survival strategies [16,17]. Moreover, recent studies of microbial populations in the North Atlantic and the North Sea disclosed a considerable increase in the abundance of Vibrio spp. as a consequence of global warming [18,19]. These findings as well as reports documenting the appearance of the new invasive Vibrio spp. in different parts of Europe [20] suggest the high adaptability of the Vibrio genus to different environments.



To survive under adverse conditions, bacterial cells can employ different survival strategies (for a review, see [21]). For instance, survival under starvation can lead to a reduction of cell size. This morphological change and global reprogramming of gene expression [22] lead to the acquisition of coccoid-like morphology [23] conferring a higher resistance to stress. Moreover, prolonged exposure to various stress factors occasionally promotes the entry of Vibrio cells into a state of dormancy defined as a viable but non-culturable (VBNC) state. On one hand, many bacteria that enter this physiological state are unable to exert growth under standard laboratory conditions for a long time. On the other hand, the cells retain some physiological activities and cell integrity [21,24], and, therefore, are considered to be alive [21,24]. Indeed, when the stress is relieved, the VBNC cells can resume normal physiological activities and growth [25].



Although previous studies demonstrated that pH can potentially play a significant role in determining the diversity and interactions of marine microorganisms, there is still little known about the impact of pH on free-living marine vibrios, especially in the context of climate change. Here, we used V. harveyi, a well-characterized marine bacterium known for its extensive use as a model organism to study Vibrio ecology [17], to study its physiological responses and fitness at different pH that resembles the pH of seawater in the past, present and near future.




2. Materials and Methods


2.1. Bacterial Strain and Media


All experiments were done with V. harveyi strain ATCC 14126T. It was routinely grown in artificial seawater (ASW) medium prepared by dissolving Instant Ocean® sea salt (Instant Ocean Spectrum Brands, Blacksburg, VA, USA) in distilled water to obtain a final salinity of 35 g/L and supplemented with 0.1 M HEPES (Thermo Fischer Scientific Inc., Madrid, Spain) and 0.4% casein hydrolysate (Sigma-Aldrich, Madrid, Spain) to ensure the balanced growth of bacterial cultures. The pH of ASW medium was always adjusted to 7.0, 7.5, 8.0, 8.3 or 8.5 with NaOH or HCl, respectively, and then it was sterilized by filtration using TPP “rapid” 500 filtration unit (TPP Techno Plastic Products AG, Trasadingen, Switzerland). Analysis of V. harveyi growth and survival assays were performed in triplicate in 250 mL Erlenmeyer flasks beforehand cleaned with H2SO4 (97%, v/v), rinsed with deionized water and heated at 250 °C for 24 h to avoid any presence of residual organic substances.




2.2. Growth Curves


To prepare inocula, V. harveyi cells were grown in ASW supplemented with 0.4% casein hydrolysate and 0.1 M HEPES at pH 7.0, 7.5, 8.0, 8.3 or pH 8.5 overnight and 200 μL of the overnight culture was used to inoculate 20 mL fresh sterile ASW medium with the same composition and pH. The inoculated medium was further incubated at 20, 25 and 30 °C with shaking (90 rpm) and aliquots of cell cultures were periodically withdrawn under aseptic conditions to measure optical density (OD) at 600 nm. The experiments were done in triplicates and the resulting means of OD values were plotted against the time to generate growth curves.




2.3. Survival Assays


V. harveyi cells were grown in ASW supplemented with 0.4% casein hydrolysate and 0.1 M HEPES at pH 7.0, 7.5, 8.0, 8.3 or pH 8.5 until the cultures reach the early stationary phase (24 h) at 20, 25 or 30 °C. Aliquots (1 mL) of these cultures (i.e., cultures grown at particular pH and temperature) were further diluted with 39 mL of the corresponding sterile ASW that had the same pH and temperature but lacked casein hydrolysate to get a final cell density close to 108 cells mL−1. The resulting cell suspensions were further incubated in darkness with shaking (90 rpm) at 20, 25 and 30 °C for 35 days. Experiments were carried out in triplicate and aliquots were periodically withdrawn to measure OD and to estimate cell size and culturability.




2.4. Enumeration of Cells and Estimation of Cell Size


Culturability, expressed as colony-forming units, was evaluated by spreading aliquots of V. harveyi suspensions withdrawn during the survival assays (and consecutively diluted with ASW) on Marine Agar (MA; PanReac AppliChem, Barcelona, Spain) followed by incubation for 24 h at 26 °C. To estimate the size of the cells, present in the control (overnight culture) and test samples and to determine the total number of cells in each sample, we used an epifluorescence microscope Nikon Eclipse E400 (Nikon Corporation, Tokio, Japan) equipped with a high-resolution video camera (Hamamatsu C2400, Hamamatsu Photonics, Hamamatsu City, Japan).



Both enumeration of cells and measurements of bacterial size were carried out via image analysis of cells fixed with 3.7% formaldehyde as described by Rosenberg et al. [26]. Briefly, aliquots of the fixed cells were stained with propidium iodide (0.001 mg/mL) (Thermo Fischer Scientific Inc., Madrid, Spain) and then filtered through 0.22 μm pore-size polycarbonate membrane filters (Merck Life Science S.L.U., Madrid, Spain). We used the standard protocol [27] that included filter staining with black dye prior to filtration. This step makes it possible to obtain more contrast images and eliminate autofluorescence. To determine the total number of cells, the individual cells were directly counted in each sample.



To estimate cell size, at least 20 areas in each filter with very flat fields containing enough bacteria and lacking very bright particles were selected to be digitized and analyzed by ImageJ 2.9.0 (National Institute of Health, Bethesda, MD, USA). For each sample, at least 200 bacteria were measured and, according to their length (μm), the cells were placed into four groups: ≤0.95; >0.95–≤1.3; >1.3–1.6≤; >1.6.




2.5. Statistical Analysis


All the experiments carried out in this study were performed in triplicate. The experimental data were processed to obtain the mean values and standard deviations indicated in each figure presenting the corresponding results. Statistical differences were assessed by using GraphPad Prism 8.0 software (GraphPad Software Inc., La Jolla, CA, USA).



Measured cell sizes were additionally processed using R package (version 4.2.2; R Core Team, 2022) to carry out statistical analysis and the graphical presentation of the results (GraphPad Prism 8.0; GraphPad Software). To statistically compare cell sizes at different incubation times, we constructed a series of Linear Mixed Models with a normal distribution of errors using the package “lmerTest” (version 3.1.3, [28]), one per pH and temperature tested. In these models, cell size was the dependent variable whereas time (as categorical term) was the explanatory one. In addition, we included replication as a random effect to control for the non-independence of the values obtained in each replicate experiment. In those models, in which day was statistically significant (p < 0.05), we compared the time-dependent differences between the different measurements using the package “emmeans” (version 1.8.5; [29]). The normality of residuals was determined graphically.





3. Results


3.1. Analysis of V. harveyi Growth at Different pH


The pH-dependent growth curves obtained for V. harveyi cultures incubated at 20, 25 and 30 °C are shown in Figure 1. These temperatures correspond to the summer average sea surface temperature in the Bay of Biscay (20 °C) in the Mediterranean Sea (25 °C) and in tropical areas (30 °C), respectively. The range of the tested pH was selected to mimic the pH of the world ocean in the pre-industrial era (pH 8.5), present time (ca. pH 8.0) and its upper limits predicted for 2100 and 2300 (i.e., 7.5 and 7.0, respectively). Although the overall growth profiles looked similar (i.e., the maximal optical density (>2.5) was reached in ca. 24 h following the entry into the stationary phase), we found that the pH of the media differentially affected the logarithmic growth. Moreover, the pH-dependent differences in V. harveyi growth are particularly well seen at 20 °C and 25 °C. Namely, the cultures at pH 7.5 and 8.0 enter the logarithmic phase of growth and reach the early stationary phase considerably faster (i.e., within the first 8 h) than those at other pHs, thus suggesting that more alkaline (8.3–8.5) and neutral (7.0) pH are less optimal for cell growth.




3.2. Assessing the Impact of pH on V. harveyi Adaptation under Limitation of Nutrients


The same temperatures (i.e., 20, 25 and 30 °C) and pH (i.e., 7.0, 7.5, 8.0, 8.3 and 8.5) conditions were used to analyze V. harveyi adaptation in ASW microcosms in the absence of carbon source. The changes underlying V. harveyi adaptation were assessed by monitoring optical density (see Section 3.2.1), enumerating the total number of bacteria and their culturable population (Section 3.2.2) and analyzing cell size and morphology (Section 3.2.3) as depicted in Supplementary Figure S1.



3.2.1. Monitoring of Optical Density


Analysis of optical densities over 35 days revealed similar profiles demonstrating that after a transient increase during the first three days, the optical density gradually decreases reaching the minimal values at day 35 (Figure 2). Moreover, the initial increase and subsequent decreases in optical densities are pH-dependent and the differences caused by pH were more prominent at 20 °C and 30 °C.




3.2.2. Enumeration of Total Bacteria and Their Culturable Fraction


The results of enumeration (Figure 3) indicate that the total number of cells remained nearly unchanged for all the pHs tested in this study. In contrast, the number of culturable cells was readily affected in a pH- and temperature-dependent manner (Figure 3). Namely, although incubation of V. harveyi at 20 °C did not cause significant changes in the capacity of cells to resume growth after prolonged incubation, the use of higher temperatures (i.e., 25 °C and 30 °C) had a negative impact on cell culturability in a pH-dependent manner, indicating that the neutral pH was the least optimal one for preserving the cell capacity to grow.




3.2.3. Analysis of Cell Size and Morphology


Although the total number of cells in each survival assay remained nearly the same, the gradual reduction in cell density suggests that the lower optical densities in cell cultures are likely linked to a reduction of cell size. Indeed, we found that V. harveyi incubation in ASW led to a reduction of cell size yielding an increasing fraction of cells with a coccoid-like morphology (for examples, see Supplementary Figure S2).



Moreover, although many coccoid-like cells in the initial inoculate have a size of 0.77 ± 0.19 µm, prolonged incubation reduces the average size of these cells to 0.55 ± 0.034 µm. To present the dynamics of cell size changes in a quantitative manner, cell images were processed by using ImageJ and the resulting cell size data were further subjected to statistical analysis and presented in Figure 4, Figure 5 and Figure 6.



As shown in Figure 4, incubation of V. harveyi cells at 20 °C promotes the reduction of their size during the first two weeks and this effect is observed at nearly all pH values except at pH 8.5. In other words, the percentage of coccoid-like cells (≤0.95 µm) increases up to 85–90% after 6–14 days and this result is supported by statistical data (p < 0.001). However, incubation for a longer time (21–35 days) reverses this effect, thus leading to a subsequent increase in the number of larger cells (>0.95 μm), especially at more alkaline pH (i.e., at pH 8.3 and 8.5).



Unlike the initial inoculates used in ASW microcosms at 20 °C, the inoculates prepared at 25 °C have a considerably higher percentage (~50%) of bacillus-like cells (see cell size distribution at time 0; Figure 5). Similar to their counterparts at 20 °C, the cells undergo a gradual reduction in size, but it proceeds much faster at 25 °C, causing a significant decrease (p < 0.001) in the percentage of the bacillus-like bacteria after one week. Moreover, although the proportion of coccoid-like cells increases at pH 7 (Figure 5A), it reaches 100% after 21 days and remains unchanged thereafter, whereas the cell size reduction at more alkaline pH is partly reversible. As a result, we observed an increase in the percentage of larger cells by day 35. The effect is particularly prominent at pH 8.3 (Figure 5D).



Finally, we found that the size distribution of V. harveyi cells in the inoculate (day 0) grown at 30 °C (Figure 6) was different from those incubated at 20 and 25 °C. Namely, it contains considerably fewer coccoid-like cells, whereas the rest of the population is primarily represented by larger bacillus-like cells. Although incubation at this temperature likewise promotes cell size reduction, this process continues for five weeks at all pHs.






4. Discussion


A number of recent studies suggest that the current rate of CO2 emission will continue impacting the world ocean, thereby further lowering its pH to 7.0 by the end of 2300 (RCP 8.5). The ongoing increase of the sea surface temperature along with ocean acidification can cause many negative impacts, including the extinction of some species and the appearance of invasive ones. To assess the joint impact of environmental factors on Vibrio spp. in the context of climate change, we used V. harveyi as a model organism to study its adaptation at different pH and temperatures. The range of pH resembled the pH of the world ocean in the pre-industrial time (pH 8.3 and 8.5), its current value (pH 8.1), as well as the pH values predicted for 2100 and 2300 (i.e., 7.5 and 7.0, respectively). Moreover, the temperatures were selected to mimic the summer average sea surface temperature in the Bay of Biscay (20 °C), in the Mediterranean Sea (25 °C) and in tropical areas (30 °C).



The experiments assessing the combined effect of temperature and pH on V. harveyi growth in ASW medium revealed that both parameters differentially affect the growth curves (Figure 1). Namely, higher temperatures seem to promote V. harveyi growth manifested by its faster entry into the logarithmic (log) phase of growth in a pH-dependent manner under nutrient-rich conditions (see panel C versus panels A and B in Figure 1). Moreover, the faster entry into the log phase was observed at pH 7.5–8.0. Despite the capacity of 0.1 M HEPES to preserve pH constant during the logarithmic growth, it fails to maintain the initial pH once the cultures reach the stationary phase, thus resulting in pH drifting to 8.3, i.e., the average pH value recorded for the world ocean in the pre-industrial time [30]. This observation suggests that V. harveyi triggers some mechanisms able to alkalinize the surrounding medium. Indeed, the species that belong to the Vibrio genus possess multiple ways to cope with adverse pH. For example, Tanaka et al. (2008) discovered that V. parahaemolyticus can adapt to severe acid stress by accumulating products of lysine decarboxylation [31]. Although the drifting pH did not permit the preservation of the initial pH in the stationary phase of growth, our pilot experiments revealed that dilution of overnight cultures with ASW (1:40) made it possible to overcome the instability of this parameter. In other words, the experimental system obtained by dilution of overnight cultures with ASW preserved its original pH and, therefore, enabled the carrying out of survival assays with non-dividing V. harveyi cells in ASW microcosms.



Analysis of diluted (1:40) V. harveyi cultures revealed that V. harveyi survival at different temperatures and pH in ASW microcosms is characterized by a transient increase in optical density followed by its gradual decrease, potentially caused by a reduction of cell size (Figure 2). The initial increase of optical density is likely caused by dilution per se and can be associated with the altered concentration of environmental factors (e.g., oxygen) or biomolecules (e.g., autoinducers) probably affecting cell growth.



Although prolonged incubation under nutrient-limiting conditions leads to cell size reduction (see below) and accounted for the observed decrease of optical density (Figure 2), the total cell number remains nearly the same during the incubation period (Figure 3). In contrast, we found that V. harveyi culturability was differentially affected by the pH and temperature conditions used in the survival assays (Figure 3). While the culturability remains virtually constant over the entire incubation period at 20 °C (Figure 3A), it becomes greatly altered at higher temperatures (25 °C, Figure 3B and 30 °C, Figure 3C). Interestingly, although the culturability at higher temperatures is decreased in a pH-dependent manner, the effect of pH is different at 25 °C and 30 °C. Namely, it decreases at 25 °C as the pH approaches neutrality, resulting in a swift decline in the number of culturable cells at pH 7.0 (Figure 3B). Although the actual mechanisms accountable for this effect remains unknown, it seems likely that neutral pH might facilitate the fast loss of culturability due to accelerated acquisition of the VBNC state (see [21]) consequently, yielding an “equilibrium” population composed of both culturable and non-culturable cells. Consistent with the results obtained at 25 °C in our work, Yoon et al. [32] demonstrated that the fast loss of Vibrio culturability at neutral or acid pH can also occur at low temperatures close to 4 °C. On the contrary, the reduced culturability at 30 °C (Figure 3C) seems to be mainly caused by high temperature, and the pH in this case appears to play a minor role. This observation is reminiscent of our previous finding demonstrating a highly negative impact of high temperature (i.e., 30 °C) on V. harveyi survival in seawater microcosms [33]. It seems likely that an increase in populations of cells unable to resume growth after exposure to stress could be related to their ability to enter a state of dormancy, such as a VBNC state [21].



When exposed to some stress conditions bacteria can respond by shrinking their size, thereby reducing surface to volume ratio [34]. This adaptation mechanism has been documented in several studies [35,36,37]. Moreover, cell size reduction is accompanied by profound reprogramming of gene expression [22] downregulating numerous genes involved in central carbon metabolism, major biosynthetic pathways and energy production as well as upregulation of genes controlling recycling of macromolecules and acquisition of iron. Thus, the major role of these adaptation changes pursues the aim to reduce the need for carbon sources and minimize energy expenses. Here, we show that the same strategy (i.e., cell size reduction) is also employed by V. harveyi in the survival tests. Although the initial adaptation steps include a gradual reduction of cell size and accumulation of coccoid-like cells, the starting inoculates and dynamics of morphological changes are greatly affected by both temperature and pH. In particular, we found that the inoculates prepared by growing V. harveyi at higher temperatures have a considerably higher (especially at 30 °C) percentage of larger cells including rod-like ones (Figure 6 versus Figure 4 and Figure 5), thus suggesting that higher incubation temperature leads to larger cells in nutrient-rich environments. However, once the nutrients become scarce (i.e., upon dilution of cell cultures with fresh ASW lacking carbon sources), bacteria undergo fast morphological changes and acquire a coccoid-like phenotype (Figure 4, Figure 5 and Figure 6). Moreover, the percentage of coccoid-like cells becomes particularly high at low pH and 25 °C (Figure 5A). Another interesting observation concerns the appearance of larger cells, especially at 20 °C and 25 °C after 28 days of incubation. The effect is particularly prominent at pH resembling its pre-industrial values, i.e., at pH 8.3–8.5 (panels D and E). It seems likely that vibrios at pH 8.3 and pH 8.5 (“pre-industrial” pH) are less stressed than those at lower pH and, therefore, the entire population is more dynamic. Therefore, the observed increase in cell size at the end of the incubation period could be a result of the “bust and boom” mechanism [21], which implies the death of a small fraction of the bacterial population to provide nutrients to the remaining cells.



Taken together, our findings demonstrate that V. harveyi can differentially tolerate a wide range of pH corresponding to past, current and future pH of the world ocean. According to our results, in ecosystems where the average sea temperature is around 20 °C, seawater acidification on its own should not be a serious threat, at least for V. harveyi. However, since ocean acidification is accompanied by increases in the average sea surface temperature, the impact of lower pH can be more significant, especially at 25 °C. Our finding that lower pH at this temperature, in particular, pH 7.0, has a strong negative impact on V. harveyi culturability and potentially facilitates the acquisition of VBNC state, can be explored to reproduce similar conditions in shrimp or bivalves aquaculture to considerably reduce the presence of active Vibrio pathogens and, therefore, decrease the risk of production of contaminated seafood and human infections. According to RCP 8.5 predictions [3], sea surface temperature is estimated to increase by 2.73 ± 0.73 °C by the end of this century, thus suggesting that even the Mediterranean Sea temperature can occasionally rise close to 30 °C and the pH drop to 7.5. Nevertheless, our results show that pH plays a less important role than temperature, because, when the temperature approaches 30 °C, it will likely act as a primary stress factor determining cell adaptation and survival. In addition, our results suggest that, despite the apparently crucial role of the coccoid-like phenotype in conferring cell resistance to suboptimal pH and temperatures, V. harveyi (and likely other species) can potentially rely on other adaptation strategies likely involving the acquisition of the VBNC state or exploring the “boost and boom” mechanisms.



Finally, although this study was primarily focused on the pH-dependent adaptation at different temperatures, the tolerance of V. harveyi to different pH is arguably dependent on other factors (e.g., salinity, visible light and/or predators) not only influencing its adaptation and fitness in seawater microcosms [36,38] but also affecting Vibrio dynamics in natural aquatic systems [39], and, therefore, the individual contribution of these factors to the pH-dependent adaptation of Vibrio spp. would be important to address in future studies.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/microorganisms11041075/s1, Figure S1: Analysis of V. harveyi cells from survival assays; Figure S2: Examples of V. harveyi cells that possess different morphology at pH 8.5 and 30 °C. The images correspond to the cells present in the control sample (panel A) and population obtained after incubation for 21 days (panel B). Several cells of different sizes indicated by arrows: ≤ 0.95 (I); > 0.95–≤ 1.3 (II); >1.3–1.6 ≤ (III); >1.6 (IV).





Author Contributions


Conceptualization, V.R.K.; methodology, K.G., I.A. and M.O.; formal analysis, K.G., A.O.I., M.O., I.A. and V.R.K.; investigation, K.G. and A.O.I.; writing—original draft preparation, K.G., A.O.I. and V.R.K.; writing—review and editing, K.G., M.O., I.M. (Itxaso Montánchez), H.E., I.M. (Iciar Martinez), I.A. and V.R.K.; supervision, V.R.K.; project administration, I.A. and V.R.K.; funding acquisition, M.O., I.M. (Itxaso Montánchez), H.E., I.M. (Iciar Martinez), I.A. and V.R.K. All authors have read and agreed to the published version of the manuscript.




Funding


The work was supported by IKERBASQUE (Basque Foundation for Science) as well as by Basque Government Grants PIBA_2021_1_0047 and MIMAS IT1657-22.




Data Availability Statement


All data are provided in full in this paper.




Acknowledgments


We thank Ricardo Andrade at the General Service of Analytical and High Resolution Microscopy in Biomedicine (SGIKER, UPV/EHU) for his advice on fluorescent microscopy. We are also indebted to David López-Idiáquez for valuable advice and help with statistical analysis.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mora, C.; Tittensor, D.P.; Adl, S.; Simpson, A.G.B.; Worm, B. How Many Species Are There on Earth and in the Ocean? PLoS Biol. 2011, 9, e1001127. [Google Scholar] [CrossRef]

	



NASAs Jet Propulsion Laboratory Global Warming vs. Climate Change. Available online: https://climate.nasa.gov/global-warming-vs-climate-change/ (accessed on 15 December 2022).

	



Gattuso, J.-P.; Magnan, A.; Billé, R.; Cheung, W.W.L.; Howes, E.L.; Joos, F.; Allemand, D.; Bopp, L.; Cooley, S.R.; Eakin, C.M.; et al. Contrasting Futures for Ocean and Society from Different Anthropogenic CO2 Emissions Scenarios. Science 2015, 349, aac4722. [Google Scholar] [CrossRef]

	



NOAA National Centers for Environmental Information Climate at a Glance: Global Time Series. Available online: https://www.ncei.noaa.gov/access/monitoring/climate-at-a-glance/ (accessed on 15 December 2022).

	



Schwaner, C.; Barbosa, M.; Connors, P.; Park, T.-J.; de Silva, D.; Griffith, A.; Gobler, C.J.; Pales Espinosa, E.; Allam, B. Experimental Acidification Increases Susceptibility of Mercenaria Mercenaria to Infection by Vibrio Species. Mar. Environ. Res. 2020, 154, 104872. [Google Scholar] [CrossRef]

	



Moberg, F.; Folke, C. Ecological Goods and Services of Coral Reef Ecosystems. Ecol. Econ. 1999, 29, 215–233. [Google Scholar] [CrossRef]

	



De Marchi, L.; Pretti, C.; Chiellini, F.; Morelli, A.; Neto, V.; Soares, A.M.V.M.; Figueira, E.; Freitas, R. Impacts of Ocean Acidification on Carboxylated Carbon Nanotube Effects Induced in the Clam Species Ruditapes Philippinarum. Environ. Sci. Pollut. Res. 2019, 26, 20742–20752. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, T.; Qu, Y.; Zhang, Q.; Tang, J.; Cao, R.; Dong, Z.; Wang, Q.; Zhao, J. Risks to the Stability of Coral Reefs in the South China Sea: An Integrated Biomarker Approach to Assess the Physiological Responses of Trochus Niloticus to Ocean Acidification and Warming. Sci. Total. Environ. 2021, 782, 146876. [Google Scholar] [CrossRef]

	



Zha, S.; Liu, S.; Su, W.; Shi, W.; Xiao, G.; Yan, M.; Liu, G. Laboratory Simulation Reveals Significant Impacts of Ocean Acidification on Microbial Community Composition and Host-Pathogen Interactions between the Blood Clam and Vibrio Harveyi. Fish Shellfish. Immunol. 2017, 71, 393–398. [Google Scholar] [CrossRef]

	



Guo, X.; Huang, M.; Luo, X.; You, W.; Ke, C. Effects of One-Year Exposure to Ocean Acidification on Two Species of Abalone. Sci. Total. Environ. 2022, 852, 158144. [Google Scholar] [CrossRef] [PubMed]

	



Hernroth, B.; Baden, S.; Tassidis, H.; Hörnaeus, K.; Guillemant, J.; Bergström Lind, S.; Bergquist, J. Impact of Ocean Acidification on Antimicrobial Activity in Gills of the Blue Mussel (Mytilus edulis). Fish Shellfish. Immunol. 2016, 55, 452–459. [Google Scholar] [CrossRef]

	



Huang, X.; Leung, J.Y.S.; Hu, M.; Xu, E.G.; Wang, Y. Microplastics Can Aggravate the Impact of Ocean Acidification on the Health of Mussels: Insights from Physiological Performance, Immunity and Byssus Properties. Environ. Pollut. 2022, 308, 119701. [Google Scholar] [CrossRef] [PubMed]

	



Chatterjee, S.; Haldar, S. Vibrio Related Diseases in Aquaculture and Development of Rapid and Accurate Identification Methods. J. Mar. Sci. Res. Dev. 2012, s1, 002. [Google Scholar] [CrossRef]

	



Meseck, S.L.; Alix, J.H.; Swiney, K.M.; Long, W.C.; Wikfors, G.H.; Foy, R.J. Ocean Acidification Affects Hemocyte Physiology in the Tanner Crab (Chionoecetes bairdi). PLoS ONE 2016, 11, e0148477. [Google Scholar] [CrossRef] [PubMed]

	



Leite Figueiredo, D.A.; Branco, P.C.; dos Santos, D.A.; Emerenciano, A.K.; Iunes, R.S.; Shimada Borges, J.C.; Machado Cunha da Silva, J.R. Ocean Acidification Affects Parameters of Immune Response and Extracellular PH in Tropical Sea Urchins Lytechinus Variegatus and Echinometra Luccunter. Aquat. Toxicol. 2016, 180, 84–94. [Google Scholar] [CrossRef]

	



Deeb, R.; Tufford, D.; Scott, G.I.; Moore, J.G.; Dow, K. Impact of Climate Change on Vibrio Vulnificus Abundance and Exposure Risk. Estuaries Coasts 2018, 41, 2289–2303. [Google Scholar] [CrossRef]

	



Montánchez, I.; Kaberdin, V.R. Vibrio Harveyi: A Brief Survey of General Characteristics and Recent Epidemiological Traits Associated with Climate Change. Mar. Environ. Res. 2020, 154, 104850. [Google Scholar] [CrossRef]

	



Vezzulli, L.; Colwell, R.R.; Pruzzo, C. Ocean Warming and Spread of Pathogenic Vibrios in the Aquatic Environment. Microb. Ecol. 2013, 65, 817–825. [Google Scholar] [CrossRef]

	



Vezzulli, L.; Grande, C.; Reid, P.C.; Hélaouët, P.; Edwards, M.; Höfle, M.G.; Brettar, I.; Colwell, R.R.; Pruzzo, C. Climate Influence on Vibrio and Associated Human Diseases during the Past Half-Century in the Coastal North Atlantic. Proc. Natl. Acad. Sci. USA 2016, 113, E5062-71. [Google Scholar] [CrossRef] [PubMed]

	



Harrison, J.; Nelson, K.; Morcrette, H.; Morcrette, C.; Preston, J.; Helmer, L.; Titball, R.W.; Butler, C.S.; Wagley, S. The Increased Prevalence of Vibrio Species and the First Reporting of Vibrio Jasicida and Vibrio Rotiferianus at UK Shellfish Sites. Water Res. 2022, 211, 117942. [Google Scholar] [CrossRef]

	



Orruño, M.; Kaberdin, V.R.; Arana, I. Survival Strategies of Escherichia coli and Vibrio Spp.: Contribution of the Viable but Nonculturable Phenotype to Their Stress-Resistance and Persistence in Adverse Environments. World J. Microbiol. Biotechnol. 2017, 33, 45. [Google Scholar] [CrossRef] [PubMed]

	



Kaberdin, V.R.; Montánchez, I.; Parada, C.; Orruño, M.; Arana, I.; Barcina, I. Unveiling the Metabolic Pathways Associated with the Adaptive Reduction of Cell Size During Vibrio Harveyi Persistence in Seawater Microcosms. Microb. Ecol. 2015, 70, 689–700. [Google Scholar] [CrossRef]

	



Chen, S.-Y.; Jane, W.-N.; Chen, Y.-S.; Wong, H. Morphological Changes of Vibrio Parahaemolyticus under Cold and Starvation Stresses. Int. J. Food Microbiol. 2009, 129, 157–165. [Google Scholar] [CrossRef]

	



Cavallo, R.A.; Stabili, L. Culturable Vibrios Biodiversity in the Northern Ionian Sea (Italian Coasts). Sci. Mar. 2004, 68, 23–29. [Google Scholar] [CrossRef]

	



Sun, F.; Chen, J.; Zhong, L.; Zhang, X.; Wang, R.; Guo, Q.; Dong, Y. Characterization and Virulence Retention of Viable but Nonculturable Vibrio Harveyi. FEMS Microbiol. Ecol. 2008, 64, 37–44. [Google Scholar] [CrossRef] [PubMed]

	



Rosenberg, M.; Azevedo, N.F.; Ivask, A. Propidium Iodide Staining Underestimates Viability of Adherent Bacterial Cells. Sci. Rep. 2019, 9, 6483. [Google Scholar] [CrossRef]

	



Hobbie, J.E.; Daley, R.J.; Jasper, S. Use of Nuclepore Filters for Counting Bacteria by Fluorescence Microscopy. Appl. Environ. Microbiol. 1977, 33, 1225–1228. [Google Scholar] [CrossRef] [PubMed]

	



Kuznetsova, A.; Brockhoff, P.B.; Christensen, R.H.B. LmerTest Package: Tests in Linear Mixed Effects Models. J. Stat. Softw. 2017, 82, 1–26. [Google Scholar] [CrossRef]

	



Lenth, R.V. Emmeans: Estimated Marginal Means, Aka Least-Squares Means. R Package Version 1.8.5. Available online: https://cran.r-project.org/web/packages/emmeans/index.html (accessed on 10 March 2023).

	



Core Writing Team; Pachauri, R.K.; Meyer, L.A. IPCC, 2014: Climate Change 2014: Synthesis Report. Report of the Intergovernmental Panel on Climate Change; IPCC: Geneva, Switzerland, 2014. [Google Scholar]

	



Tanaka, Y.; Kimura, B.; Takahashi, H.; Watanabe, T.; Obata, H.; Kai, A.; Morozumi, S.; Fujii, T. Lysine Decarboxylase of Vibrio Parahaemolyticus: Kinetics of Transcription and Role in Acid Resistance. J. Appl. Microbiol. 2008, 104, 1283–1293. [Google Scholar] [CrossRef]

	



Yoon, J.-H.; Bae, Y.-M.; Lee, S.-Y. Effects of Varying Concentrations of Sodium Chloride and Acidic Conditions on the Behavior of Vibrio Parahaemolyticus and Vibrio Vulnificus Cold-Starved in Artificial Sea Water Microcosms. Food Sci. Biotechnol. 2017, 26, 829–839. [Google Scholar] [CrossRef] [PubMed]

	



Montánchez, I.; Ogayar, E.; Plágaro, A.H.; Esteve-Codina, A.; Gómez-Garrido, J.; Orruño, M.; Arana, I.; Kaberdin, V.R. Analysis of Vibrio Harveyi Adaptation in Sea Water Microcosms at Elevated Temperature Provides Insights into the Putative Mechanisms of Its Persistence and Spread in the Time of Global Warming. Sci. Rep. 2019, 9, 289. [Google Scholar] [CrossRef]

	



McDougald, D.; Kjelleberg, S. Adaptive Responses of Vibrios. In The Biology of Vibrios; ASM Press: Washington, DC, USA, 2014; pp. 133–155. [Google Scholar]

	



Zhong, L.; Chen, J.; Zhang, X.-h.; Jiang, Y.-a. Entry of Vibrio cincinnatiensis into Viable but Nonculturable State and Its Resuscitation. Lett. Appl. Microbiol. 2009, 48, 247–252. [Google Scholar] [CrossRef]

	



Orruño, M.; Parada, C.; Kaberdin, V.R.; Arana, I. The Effect of Visible Light on Cell Envelope Subproteome during Vibrio Harveyi Survival at 20 °C in Seawater. Microorganisms 2021, 9, 594. [Google Scholar] [CrossRef] [PubMed]

	



Sun, J.; Gao, X.; Qun, J.; Du, X.; Bi, K.; Zhang, X.; Lin, L. Comparative Analysis of the Survival and Gene Expression of Pathogenic Strains Vibrio harveyi after Starvation. FEMS Microbiol. Lett. 2016, 363, fnw250. [Google Scholar] [CrossRef] [PubMed]

	



Orruño, M.; Parada, C.; Ogayar, E.; Kaberdin, V.; Arana, I. Effects of Abiotic and Biotic Factors on Vibrio Harveyi ATCC 14126T Survival Dynamics in Seawater Microcosms. Aquat. Microb. Ecol. 2019, 83, 109–118. [Google Scholar] [CrossRef]

	



Wang, X.; Liu, J.; Liang, J.; Sun, H.; Zhang, X. Spatiotemporal Dynamics of the Total and Active Vibrio Spp. Populations throughout the Changjiang Estuary in China. Environ. Microbiol. 2020, 22, 4438–4455. [Google Scholar] [CrossRef] [PubMed]








[image: Microorganisms 11 01075 g001 550] 





Figure 1. Growth curves obtained for V. harveyi grown in ASW medium with different pH (7.0, 7.5, 8.0, 8.3 and 8.5) at 20 °C (Panel A), 25 °C (Panel B) and 30 °C (Panel C) as described in Section 2. Optical density was regularly measured at 600 nm within 24 h. The mean values and standard deviation (indicated by vertical bars) were calculated based on the data obtained in 3 independent experiments. 
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Figure 2. The time-dependent changes in the optical density (OD600 nm) of V. harveyi populations incubated at 20 °C (panel A), 25 °C (panel B) and 30 °C (panel C) Experiments were performed with samples obtained after dilution of overnight cultures with ASW supplemented with 0.1 M HEPES at pH 7.0, 7.5, 8.0, 8.3 and 8.5. The mean values and standard deviation (indicated by vertical bars) were calculated based on the data obtained in 3 independent experiments. The pH was measured at each time point, and it remained unchanged. 
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Figure 3. Culturability of V. harveyi (Log CFU mL−1) at 20 °C (Panel A), 25 °C (Panel B) and 30 °C (Panel C). Culturability and total bacterial count were determined as described in Section 2 for cultures incubated at different temperatures (20, 25 and 30 °C) and different pH (7, 7.5, 8, 8.3 and 8.5). The mean values and standard deviation (indicated by vertical bars) were calculated based on the data obtained in 3 independent experiments. 
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Figure 4. Cell size distribution at 20 °C. Cells are grouped according to their measured size ≤0.95 (█); >0.95–≤1.3 (█); >1.3–1.6≤ (█); >1.6 (█). The blue bars represent the population of coccoid-like cells (≤0.95 μm), whereas the cells with intermediate size and rod-like cells were arbitrarily placed in three additional groups indicated by red, green and violet bars. The data are mean values from three independent experiments with error bars representing the standard deviations. Statistical tests were performed to carry out the pairwise comparisons of the cell sizes datasets and the corresponding p-values are shown on the right of each panel. 
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Figure 5. Cell size distribution at 25 °C. Cells are grouped according to their measured size ≤0.95 (█); >0.95–≤1.3 (█); >1.3–1.6≤ (█); >1.6 (█). The blue bars represent the population of coccoid-like cells (≤0.95 μm), whereas the cells with intermediate size and rod-like cells were arbitrarily placed in three additional groups indicated by red, green and violet bars. The data are mean values from three independent experiments with error bars representing the standard deviations. Statistical tests were performed to carry out the pairwise comparisons of the cell sizes datasets and the corresponding p-values are shown on the right of each panel. 
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Figure 6. Cell size distribution at 30 °C. Cells are grouped according to their measured size ≤0.95 (█); >0.95–≤1.3 (█); >1.3–1.6≤ (█); >1.6 (█). The blue bars represent the population of coccoid-like cells (≤0.95 µm), whereas the cells with intermediate size and rod-like cells were arbitrarily placed in three additional groups indicated by red, green and violet bars. The data are mean values from three independent experiments with error bars representing the standard deviations. Statistical tests were performed to carry out the pairwise comparisons of the cell sizes datasets and the corresponding p-values are shown on the right of each panel. 






Figure 6. Cell size distribution at 30 °C. Cells are grouped according to their measured size ≤0.95 (█); >0.95–≤1.3 (█); >1.3–1.6≤ (█); >1.6 (█). The blue bars represent the population of coccoid-like cells (≤0.95 µm), whereas the cells with intermediate size and rod-like cells were arbitrarily placed in three additional groups indicated by red, green and violet bars. The data are mean values from three independent experiments with error bars representing the standard deviations. Statistical tests were performed to carry out the pairwise comparisons of the cell sizes datasets and the corresponding p-values are shown on the right of each panel.



[image: Microorganisms 11 01075 g006]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
18
Time (d)

24

30

0.20

6 12

18

Time (d)

24

30

0.15

0.104

ODg00 nm

0.05+

0.00

6 12

18
Time (d)

24

30

—-— pH 7.0

Fhdod

I

pH 7.5
pH 8.0
pH 8.3
pH 8.5

pH7.0
pH 7.5
pH 8.0
pH 8.3
pH 8.5

pH 7.0
pH 7.5
pH 8.0
pH 8.3
pH 8.5





nav.xhtml


  microorganisms-11-01075


  
    		
      microorganisms-11-01075
    


  




  





media/file2.png
ODgg0 nm

2.7

3 6 9 12 15 18 21 24
Time (h)

2.7

0.91

0.0-

- S s

3 6 9 12 15 18 21 24
Time (h)

3 6 9 12 15 18 21 24
Time (h)

pH 7.0
pH7.5
pH 8.0
pH 8.3
pH 8.5

pH7.0
pH7.5
pH 8.0
pH 8.3
pH 8.5

pH7.0
pH 7.5
pH 8.0
pH 8.3
pH 8.5





media/file5.jpg
Log N° CFU mL™"

Log N° CFUmL™"

Log N° CFUmL™

--- Total Coll N°

Culturable Golls
— pH70
[~ pH7s
— pHBO
— pHB3
|~ pHas

€ 5 1215 15 21 24 27 30 5
Time (day)

- Total Coll N®

“Culturable Colls
— pH7.0
[~ pH75
|- pHBO
— pHas
4 — pHas

o 3 6 5 12 15 18 21 74 27 30 @
Time (day)

- Total Coll N°

Culturable Golls
[~ pH7.0
— pH7.S
— pHBO
— pHas
— pHas

]

3 6 9 12 15 18 21 24 27 30 33
Time (day)





media/file3.jpg
5”&

Time (@)

=

—mrs
o8 — s

—ons
o.00) Zoues






media/file1.jpg
g1
gu ]
s
B
CRE N R
B
§ -
os o
S
S
& —
Time (h)
C..
f1a
&
S o) i -+
S
S
oo ~ e

Time (h)





media/file7.jpg





media/file10.png
Percentage(%)

Percentage(%)

Percentage(%)

pH7
100
0 T “T T
0 6 14 21 28 35

100

N
o

100

(44
o
[

Time (days)

pH 8

14 21
Time (days)

pH 8.5

14 21
Time (days)

28

28

35

35

samples P value

0-6
0-14
0-21
0-28
0-35
6-14
6 - 21
6-28
6-35
14 - 21
14 - 28
14 - 35
21-28
21-35
28 - 35

<0.001
<0.001
<0.001
<0.001
<0.001
0.99
0.16
0.06
<0.001
0.08
0.03
<0.001
0.99
<0.001
0.01

samples P value

0-6
0-14
0-21
0-28
0-35
6-14
6-21
6-28
6-35
14 - 21
14 - 28
14 - 35
21-28
21-35
28 -35

<0.001
<0.001
<0.001
<0.001
<0.001
0.84
1.00
0.23
0.25
0.92
0.90
0.92
0.34
0.37
0.99

samples P value

0-6
0-14
0-21
0-28
0-35
6-14
6-21
6-28
6-35
14 - 21
14 - 28
14 - 35
21-28
21-35
28 -35

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.53
0.93
0.99
0.17
0.02
<0.001
0.97
0.63
0.96

D

Percentage(%)

Percentage(%)

100

(44
o
1

100

(44
o
1

0-

pPH7.5

14 21
Time (days)

pH 8.3

14 21
Time (days)

samples P value

0-6
0-14
0-21
0-28
0-35
6-14
6 - 21
6-28
6-35
14 - 21
14 - 28
14 - 35
21-28
21-35
28 - 35

<0.001
<0.001
<0.001
<0.001
<0.001
0.99
0.48
0.98
0.12
0.48
0.86
0.01
0.12
<0.001
0.49

samples P value

0-6
0-14
0-21
0-28
0-35
6-14
6-21
6-28
6-35
14 - 21
14 - 28
14 - 35
21-28
21-35
28 - 35

<0.001
<0.001
<0.001
0.59
<0.001
<0.001
0.08
<0.001
0.64
0.39
<0.001
0.04
<0.001
0.87
<0.001





media/file12.png
Percentage(%)

Percentage(%)

Percentage(%)

pH7
100
50+
o_l,“' ' Il- ' | P l-.
1 1 || 1 || ||
0 6 14 21 28 35
Time (days)
pH 8
100-
50+
o_I,III I|I- Ili . Ii- Ii..
1 1 || 1 || ||
0 6 14 21 28 35
Time (days)
pH 8.5
100-
50
1 1 || 1 || ||
0 6 14 21 28 35

Time (days)

samples P value B

0-6 <0.001
0-14 <0.001
0-21 <0.001
0-28 <0.001
0-35 <0.001
6-14 <0.001
6-21 <0.001
6-28 <0.001
6-35 <0.001
14 - 21 0.58

14 -28 <0.001
14 -35 <0.001
21-28 <0.01

21-35 <0.001
28-35 0.02

samples P value
0-6 <0.001

0-14 <0.001

0-21 <0.001

0-28 <0.001

0-35 <0.001

6-14 <0.001

6-21 <0.001

6-28 <0.001

6-35 <0.001

14 -21 <0.001

14 - 28 <0.001

14 - 35 <0.001

21-28 045

21-35 <0.001

28-35 <0.01

samples P value

0-6
0-14
0-21
0-28
0-35
6-14
6-21
6-28
6-35
14 - 21
14 - 28
14 - 35
21-28
21-35
28-35

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.99
0.07
0.20

D

Percentage(%)

Percentage(%)

pH7.5
100
50+ ‘
1 1 1 1 1 1
0 6 14 21 28 35
Time (days)
pH 8.3
100
50+
O-I-I I ' I ' i & ] . I .
| | | | | |
0 6 14 21 28 35
Time (days)

samples P value

0-6

0-14
0-21
0-28
0-35
6-14
6-21
6-28
6-35
14 - 21
14 - 28
14 - 35
21-28
21-35
28 -35

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.01
<0.001
<0.001
0.09
0.01
0.95

samples P value

0-6

0-14
0-21
0-28
0-35
6-14
6-21
6-28
6-35
14 - 21
14 - 28
14 - 35
21-28
21-35
28 -35

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.01
<0.001
<0.001
0.82
<0.01
0.16





media/file9.jpg
T
-






media/file0.png





media/file8.png
Percentage(%)

Percentage(%)

Percentage(%)

pH7
100
50+
0-
0 6 14 21
Time (days)
pH 8
100
50
0
0 6 14 21
Time (days)
pH 8.5
100+
50-
0-
0 6 14 21

Time (days)

28

28

35

35

samples P value

0-6

0-14
0-21
0-28
0-35
6-14
6 - 21
6-28
6-35
14 - 21
14 - 28
14 - 35
21-28
21-35
28 - 35

<0.001
<0.001
<0.001
<0.001
<0.001
0.08
0.3
0.94
<0.001
0.99
0.52
<0.001
0.86
<0.001
<0.001

samples P value

0-6

0-14
0-21
0-28
0-35
6-14
6 -21
6-28
6-35
14 - 21
14 - 28
14 - 35
21-28
21-35
28 -35

0.38
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0.20
<0.001

0.99

0.26

0.99

0.24

0.99

0.18

samples P value

0-6

0-14
0-21
0-28
0-35
6-14
6-21
6-28
6-35
14 - 21
14 - 28
14 - 35
21-28
21-35
28 - 35

0.97
0.23
0.30
<0.001
0.99
0.71
0.79
<0.001
0.99
0.99
<0.001
0.34
<0.001
0.42
<0.001

Percentage(%)

Percentage(%)

100-

100+

pH 7.5

14 21
Time (days)

pH 8.3

14 21
Time (days)

samples P value

0-6

0-14
0-21
0-28
0-35
6-14
6 - 21
6-28
6-35
14 - 21
14 - 28
14 - 35
21-28
21-35
28 - 35

<0.001
<0.001
<0.001
<0.001
<0.001
0.99
0.57
0.98
0.99
0.43
0.96
0.99
0.90
0.58
0.99

samples P value

0-6

0-14
0-21
0-28
0-35

<0.001
<0.001
<0.001
0.90
<0.001
0.99
0.96
<0.001
<0.001
0.90
<0.001
<0.001
<0.001
<0.001
<0.001





media/file11.jpg





media/file6.png
R S S TT SO, SRS

£ 84 | --- Total Cell N°
) Culturable Cells
LL —-— pH7.0

O

o 6- - pH7.5

Z — pH 8.0

g, - pH 8.3

- 4 - pH 8.5

0 3 6 9 12 15 18 21 24 27 30 33

Time (day)

--- Total Cell N°

Culturable Cells

0 3 6 9 12 15 18 21 24 27 30 33
Time (day)

-~- Total Cell N°

Culturable Cells

0 3 6 9 12 15 18 21 24 27 30 33
Time (day)





