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Harmful blooms of the cyanobacterium Nodularia spumigena occur in several parts of the world, and this species is notorious for its ability to produce cyanotoxins, such as nodularin. This species is also able to perform akinete differentiation, thus favoring the success of their populations under adverse conditions. In southern Brazil, N. spumigena has developed large blooms in experimental shrimp production farms. In this study, we implemented an experiment to evaluate the influence of salinity and temperature on several physiological attributes of a Brazilian strain of N. spumigena: cell growth, nodularin production, the ability to form akinetes and germination potential. A factorial experiment (3 × 4) was conducted to test the effects of temperature (15, 23, and 30°C) and salinity (1, 7, 15, and 30 ppm) on the growth, production of nodularin and the differentiation of akinetes. The germination potential of the akinetes was tested after incubation for 30, 60, 90, 120, 180, and 360 days at 4°C in the dark. N. spumigena grew under a wide range of salinity and temperatures, but salinity had a greater influence. The highest cell densities at the temperatures tested were observed at salinity 7 ppm and the lowest at salinity 1 ppm. The toxin nodularin was produced in all treatments, but there was an inverse relationship between the content of nodularin per cell and cell density. The akinetes were also differentiated in all the treatments, with the exception of S1T30. However, the largest proportion of akinetes (65% of the cells) was observed in the treatment with low cell growth at salinity 15 and 15°C, possibly indicating an effort of the population to survive over the long term. The akinetes germinated in all treatments, but those cultivated at salinity 7 and 15 ppm (except S15T30) showed a higher percentage of germination and, in contrast, the lowest germination rate was observed in the treatments with salinity 1 ppm. Thus, the low salinity (1) at all the temperatures tested has the potential to inhibit N. spumigena blooms, since it hampers cell growth and the formation of akinetes.
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INTRODUCTION

The planktonic cyanobacterium Nodularia spumigena Mertens ex Bornet and Flahault develops important blooms in several areas in the world (Blackburn et al., 1996; Van Buynder et al., 2001; Rakko and Seppälä, 2014). The first toxic bloom of N. spumigena was reported in southern Australia in the lakes that form the Murray estuary, in particular, Alexandrina Lake (Francis, 1878). In Brazil, blooms of this species were recently documented for the first time (Costa et al., 2013), reaching very high abundances in nursery ponds of the shrimp Penaeus vannamei Boone, 1931, in which they caused a reduction in the growth and survival rates. The identification of N. spumigena was confirmed using molecular methods and ultrastructural analysis (Popin et al., 2016; Silveira et al., 2017).

Among the common characteristics to the Order Nostocales, N. spumigena can differentiate its cells in heterocytes (molecular nitrogen fixation cells) and akinetes (resistance spores) (Komárek, 2013; Silveira et al., 2017). Both kinds of cells provide important advantages. Heterocytes favor the growth of N. spumigena under nitrogen low concentrations, while the akinetes remain viable for long periods in the sediment and can germinate in response to changes in environmental conditions (Hansson, 1993, 1996; Myers et al., 2010). The germinated akinetes may function as inoculum for the initiation of a harmful algal bloom and thus, represent an important mechanism of population propagation (Kim et al., 2005). In addition, this species can produce the toxin nodularin, a hepatotoxic cyclic pentapeptide (Rinehart et al., 1988), which accumulates in the animal liver and can act as a carcinogen in mammals (Carmichael, 1992; Ohta et al., 1994). Nodularin also causes the enzymatic inhibition of the eukaryotic proteins phosphatase 1 and 2A (Honkanen et al., 1991). N. spumigena can also produce other bioactive compounds, such as spumigins, aeruginosins, pseudoaeruginosins, and anabaenopeptins (Mazur-Marzec et al., 2016).

Important environmental factors that govern the distribution and bloom development of N. spumigena are salinity and temperature, light quality and intensity, and nutrient concentration. Salinity is considered to be a controlling factor of cyanobacteria in general (Kononen, 1992; Lehtimäki et al., 1994), affecting photosynthesis, the functioning of the plasma membrane (Singh et al., 2002) and therefore, cell growth (Moisander et al., 2002). In addition, the cyanobacterial morphology and life cycle vary in response to fluctuations in salinity (Iranshahi et al., 2014), as well as the turgor pressure on the cell (Ladas and Papageorgiou, 2000). It has been demonstrated that N. spumigena tolerates a large variation in water salinity (0–35 ppm), but its optimal growth differs between strains analyzed in the Baltic Sea and lakes and lagoons in Australia (Blackburn et al., 1996).

It is widely known that the temperature is directly related to the growth rate of cyanobacteria (Mackey et al., 2013) and that this relationship varies among species (Reynolds, 1984). The temperature also influences the toxin production of N. spumigena. It was shown that toxin production was favored at lower temperatures than cellular growth. Thus, a higher concentration of the intracellular toxin was observed in cells grown at 10°C, while the maximum biomass production was observed at 20–30°C (Hobson and Fallowfield, 2003). Nodularia strains isolated in Brazilian shrimp ponds were tested for their growth and toxin production under controlled conditions of salinity (7 ppm) and temperature (23°C) (Silveira et al., 2017). However, the optimal environmental conditions for the Brazilian strain and how they compare to strains from other sites in the world are not yet known. Phylogenetic analyses based on its 16S rRNA gene indicated that the Brazilian strain is closely related to the strains from Australia (Popin, 2017; Silveira et al., 2017). Alternatively, based on the analysis of genome, 31 proteins of this same Brazilian strain were grouped with the Baltic Sea strain (Popin, 2017). Currently, there is a lack of accessible data on the NCBI GenBank with only one Baltic Sea N. spumigena strain available for comparison, and thus, it is important to provide information on the strains from other geographical regions.

It is known that salinity and temperature influence the growth of N. spumigena. However, different strains respond differently to environmental variables. In this study, the effects of salinity and temperature on the growth, production of the nodularin toxin, and akinete differentiation were evaluated, as well as the germination potential of a strain of N. spumigena isolated from a shrimp production pond in southern Brazil. The results of this study will improve the understanding of the physiology and management of recurrent N. spumigena blooms in the environment and in aquaculture ponds, in which they cause great damage.

MATERIALS AND METHODS

Species Isolation and Stock Culture

Water samples containing Nodularia trichomes were collected on December 5, 2013 in production ponds of the marine shrimp P. vannamei at the Marine Aquaculture Station (EMA) of the Federal University of Rio Grande-FURG, Brazil. The isolated trichome gave rise to the NODSPU1 strain, which was identified as N. spumigena (Silveira et al., 2017). The strain was cultivated in f/2 medium (Guillard, 1975) at salinity 7 ppm in incubators with a light cycle control (12:12 h light-dark), at 80 μmol m-2 s-1 of light intensity supplied by white light fluorescent lamps (OSRAM, 20 W) and constant temperature (23 ± 1°C). The culture temperature and salinity values corresponded to those registered in the ponds on the sampling day.

Acclimation and Experimental Design

The conditions were gradually modified for the acclimation process every 7 days using the stock culture as the starting point. The cultures were acclimated at the test temperatures (15, 23, and 30°C) and salinities (1, 7, 15, and 30 ppm) through at least three transfers.

A factorial experiment (3 × 4) was conducted to concomitantly test the effect of temperature and salinity on the growth of N. spumigena using the f/2 medium and a light intensity of 80 μmol m-2 s-1. Cultures for the experiments (three replicates) were maintained in incubators with a light cycle control (12:12 h light: dark) provided by white light fluorescent lamps (OSRAM, 20 W). The light intensity in the incubators was measured using a LI-COR (LI-1400) spherical sensor. All the cultures were prepared in 500 ml of f/2 culture medium. To standardize the initial cell concentration, the volume of inoculum added corresponded to an optical density of 0.008 determined at absorbance 680 nm in a spectrophotometer (Varian Cary 1E) (Ma et al., 2006). The experiment lasted 40 days.

Cell Density, Growth, and Cyanotoxin Production

The growth was determined daily during the first four culture days based on the cell density, optical density and chlorophyll-a (Chla) content and subsequently every 48 and 72 h until the end of the experiments. The Chla content was determined in culture samples (5–10 mL) by retaining cells in glass fiber filters (Whatman GF/F, 25 mm) using a vacuum pump. The filters were stored in darkened flasks and kept in absolute methanol for 24 h in a freezer. The Chla concentration (μg L-1) was determined by measuring the absorbance at 665 and 750 nm as described by Mackinney (1941). Mean concentration of chlorophyll-a per cell (pg cell-1) at the start, middle and end of growth curves was performed by dividing the value of chlorophyll-a by cell density. At the end of the logarithmic growth phase, the biomass was also determined using the dry weight (DW) and ash-free dry weight (AFDW) as described by Zhu and Lee (1997).

The correlation between cell density and optical density was higher (r = 0.93) compared to the correlation between cell density and Chla concentration (r = 0.84) and between Chla concentration and optical density (r = 0.87), but all correlations were significant (Pearson correlation, Figure 1). We presented the growth curves based solely on cell density for clarity. The growth rate (μ) was calculated as the slope of the linear regression between the time and cell density (Ln scale) during the exponential phase (Wood et al., 2005).


[image: image]

FIGURE 1. Correlation of Pearson between cell density, optical density, and Chla concentration.



The density of the trichomes, vegetative cells and akinetes were estimated in samples fixed with acetic Lugol’s solution in Sedgewick Rafter chambers using an inverted microscope (Olympus IX51; 200×). To estimate the number of vegetative cells per trichome, the total size of each trichome was measured, discounting the average size of the heterocysts and akinetes present, and divided by the average size of the vegetative cells. The counting error was maintained at a maximum of 20% and verified by estimating the coefficient of variation between the fields counted. The size of the vegetative cells (n = 50) and the akinetes (n = 30) were determined using an inverted microscope (Olympus IX71; 400×), and the cell volume was calculated assuming the geometric shape of a cylinder (Sun and Liu, 2003).

The toxin concentration was determined at each experimental treatment at the beginning of the stationary phase using an immunoassay ELISA plate kit for nodularin (Beacon Analytical Systems, Inc.). The concentration of nodularin (μg L-1) was determined using the absorbance (450 nm) in a plate photometer (Quick ELISA Drake Instruments) as described by the manufacturer.

Akinete Isolation

Cultures of N. spumigena were maintained until the stationary/decline phase in salinity 15 ppm and temperature 15°C (S15T15). This condition was shown to favor the akinete differentiation as described above. The akinetes produced were separated from the vegetative cells as described by Sukenik et al. (2007). Cultures of N. spumigena with akinetes were harvested by suction, suspended and washed in Tris buffer (3×; 50 mM, pH 7.5, containing 10 mM EDTA and 1 mM Mg Cl2). The biomass was washed in EDTA-free Tris buffer (50 mM pH 7.5, 1 mM MgCl2) containing 5 mg/mL lysozyme, incubated (2 h, 37 ± 1°C) and centrifuged (3 min, 2000 rpm). The pellet was washed three times with EDTA-free Tris buffer to remove the cell debris, sonicated (3×, 10 s, 30 kHz), and the sample was examined under an optical microscope to confirm the separation of the akinetes. The material was centrifuged (10 min, 3000 rpm), and the pellet was suspended in ultrapure water and stored in a refrigerator (4°C) in the dark (Myers et al., 2010).

Germination tests were performed after incubation of the akinetes at 30, 60, 90, 120, 180, and 360 days maintained in the dark, salinity 15 and temperature 15°C.

Germination Tests

After incubation in the dark for different time periods, 100 akinetes for each treatment (in triplicate) were inoculated in 2.5 mL f/2 culture medium in cell culture plates under the microscope and maintained in incubators (light intensity 80 μmol m-2 s-1). The effects of both temperature (15, 23 and 30°C) and salinity (1, 7, 15, and 30 ppm) were tested on the germination potential of the akinetes. The akinetes were exposed to the experimental conditions for 72 and 192 h, and the number of germinated akinetes was determined in the cell culture plates using an optical microscope (200×).

Statistical Analysis

To determine the cell density differences between treatments, a two-way ANOVA was applied and the Tukey’s a posteriori test to specify the differences at 95% significance level (Zar, 2010). The data of the percentage of akinetes, cell volume, DW and AFDW, Chla L-1, Chla cell-1, toxin concentration and akinete germination were analyzed using a one-way ANOVA and Tukey’s a posteriori test to specify the differences at 95% significance level. All data were tested for their normality and homoscedasticity (Cochran C., Hartley e Bartlett). The cell density, akinete percentage, cell volume of the vegetative cells and Chla cell-1 were transformed using logarithmic transformations and the square root for the cell volume of the akinetes to ensure normal distributions.

RESULTS

Cell Density and Growth

The comparison between the N. spumigena growth curves shows that both the time to reach the maximum cell density and the maximum values differed among the treatments (Figure 2; ANOVA p < 0.001, F 435.3; Supplementary Table 1). The highest value (1.9 × 106 cells mL-1) was recorded at the highest values of salinity and temperature (S30T30) (Figure 2D), followed by treatments with salinity 7 ppm at the three temperature values (S7T30, S7T15, S7T23) (Figure 2B). At the lowest salinity level (S1) (Figure 2A), the cultures showed practically no growth and either collapsed within a week (S1T30) or remained at low density for approximately 1 month (S1T23, S1T15). At salinity 15 ppm (Figure 2C), the cultures persisted for approximately 1 month at low density (S15T15, S15T23) or died within 2 weeks (S15T30). The growth rates (μ) varied between 0.2 (S1T23) and 0.4 d-1 (S7T30, S30T30).
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FIGURE 2. Mean values of cell density (±SD; n = 3) of N. spumigena (NODSPU1) observed along the time in the factorial experiment, which analyzed the influence of temperature (T15, T23, T30°C) and salinity S1 (A), S7 (B), S15 (C), and S30 (D). Significant difference between treatments is indicated by letters (ANOVA, Tukey’s p < 0.05).



As expected, the number of trichomes also increased over time in all the treatments, except in those treatments that rapidly died (S1T30; S15T30; Figure 3). The number of cells per trichome remained relatively constant or decreased, indicating that the trichome length was reduced over time with some variation among treatments and with time. The treatment with high salinity and temperature (S30T30), which presented the largest cell number (Figure 2) also presented the longest trichomes at the end of the experiment with 140 cells per trichome (Figure 4).
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FIGURE 3. Trichome density (±SD; n = 3) of N. spumigena (NODSPU1) observed along the time in the factorial experiment, which analyzed the influence of temperature (T15, T23, T30°C) and salinity S1 (A), S7 (B), S15 (C), and S30 (D). Significant difference between treatments is indicated by letters (ANOVA, Tukey’s p < 0.05).
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FIGURE 4. Cell number per trichome (±SD; n = 3) of N. spumigena (NODSPU1) observed along the time in the factorial experiment, which analyzed the influence of temperature (T15, T23, T30°C) and salinity S1 (A), S7 (B), S15 (C), and S30 (D).



The percentage of akinetes in relation to the number of cells (0.01–65.2%) increased over time, particularly in the S15T15 treatment but also in S7T15, S30T15 and S30T23. Other treatments showed low percentages of akinetes (<5%), except for S1T30, in which no akinetes were observed (Figure 5).
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FIGURE 5. Percentage of akinete per cell (±SD; n = 3) of N. spumigena (NODSPU1) observed along the time in the factorial experiment, which analyzed the influence of temperature (T15, T23, T30°C) and salinity S1 (A), S7 (B), S15 (C), and S30 (D). Significant difference between treatments is indicated by letters (ANOVA, Tukey’s p < 0.05).



Biomass

The biomass values determined by both the DW and AFDW (Figure 6A) and the Chla content (Figure 6B) were generally consistent with the cell density results. All were higher in the treatments with salinity 7 and lower in salinity 1. However, the S30T30 treatment, which demonstrated the highest cell density and largest trichomes, did not correspond to the largest DW, AFDW and Chla. The lowest values of DW, AFDW and Chla were observed in high temperature treatments at salinity 1 and 15 ppm (S1T30; S15T30) in treatments in which no growth was observed. In these treatments, the Chla cell-1 (Figure 7A) was higher at the end of the experiment, as opposed to the general decreasing trend from the beginning to the end of the experiment.
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FIGURE 6. Total biomass dry weight (DW), ash free dry weight (AFDW) (A), and mean concentration of chlorophyll-a (B) of N. spumigena (NODSPU1) (±SD; n = 3). Significant difference between treatments is indicated by letters (ANOVA, Tukey’s p < 0.05). Lower case for DW and upper case for AFDW.



The mean volume of the vegetative cells (116–342 μm3) and akinetes (520–1054 μm3) varied without a clear pattern (Figure 7B). However, it is noteworthy that the size of vegetative cells in the salinity 30 ppm treatment decreased with increasing temperature, being largest at 15°C. This trend was inverse to the cell density, as smallest vegetative cells at temperature 30°C coincided with highest cell density (Figure 2). The mean volume of the akinetes was approximately three times larger than that of the vegetative cells and, unlike these, the largest akinetes were observed in treatments with low cell numbers (S1T23, S15T15). The smallest akinetes were observed in the high salinity and temperature treatment (S30T30) (Figure 7B).
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FIGURE 7. Mean concentration of chlorophyll-a per cell (pg cell-1) at the start, middle, and end of growth curves (A), and (B) mean cell volume of the vegetative cells (VC) and akinetes (AK) of N. spumigena (NODSPU1) (±SD; n = 3). Significant difference is indicated by letter (ANOVA, Tukey’s p < 0.05). Lower case for VC and upper case for AK.



Toxin Concentration

All the cultures of N. spumigena produced the nodularin toxin at the beginning of the stationary phase, ranging between 1.3 μg L-1 (S1T30) and 6.0 μg L-1 (S7T23) (Figure 8A). High values were observed in salinity 7 ppm (S7T15, S7T23, S7T30) associated with large cell density but also in treatments with low cell density and low salinity (S1T15, S1T23) and intermediate (S15T15). The toxin concentration per cell (2.8 × 10-9 to 3.4 × 10-7 pg cell-1) (Figure 8B) was generally lower in the treatments of salinity 7 and 30 ppm, i.e., in the treatments with higher cell density. The highest values of toxin per cell were observed at salinity 1 and 15 ppm, particularly in S1T30 (3.4 × 10-7 pg cell-1) and S15T30 (2.0 × 10-7 pg cell-1), i.e., in the treatments with low cell density.
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FIGURE 8. Mean concentration (±SD; n = 3) of intracellular nodularin (μg l-1) (A) and toxin content per cell (pg cell-1) (B) at the beginning of the stationary phase of the growth curves for different treatments. Significant differences are indicated by letters (ANOVA, Tukey’s p < 0.05).



Akinete Germination

After incubation in the dark for 30, 60, 90, 120, 180, and 360 days, akinetes exposed to light at the respective treatments germinated in a relatively high percentage (8–53%) in all the treatments (Figure 9). The same germination pattern was observed among the treatments in all the tests. The lowest percentage of germination was always observed in the treatments of salinity 1 ppm, particularly in S1T30 with the lowest germination rate. The highest germination rate was observed in treatments with salinity 7 and 15 ppm (S7T15; S7T23; S7T30; S15T15; S15T23), with the exception of S15T30. These differences between the treatments became more significant after 120 days of akinete incubation in the dark when the germination rate was the highest. The time of exposure to light (72 or 192 h) after the dark incubation did not appear to influence the germination rate.
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FIGURE 9. Mean percentage (±SD; n = 3) of akinetes germination of N. spumigena (NODSPU1) after 72 and 192 h of exposure to different treatments. Significant differences are indicated by letters. Previous to the germination experiment, dark incubation lasted for 30 (A), 60 (B), 90 (C), 120 (D), 180 (E), and 360 (F) days. Significant differences for each germination test are indicated by letters (ANOVA, Tukey’s p < 0.05).



DISCUSSION

Cell Density, Growth, and Biomass

In our study, the highest cell densities of N. spumigena were observed in the treatments with salinity 7 and 30 ppm that demonstrated a relatively high (μ = 0.3–0.4 d-1) growth rate. In the former treatment (S7), the growth persisted for a longer period in the three test temperatures. Thus, it can be considered that this condition was more favorable for the development of N. spumigena. The cell growth in salinity 1 ppm was negligible and was different than the results obtained with two strains from the Baltic Sea that demonstrated a similar growth rate over a wide range of salinity (0–20, Moisander et al., 2002). Alternatively, studies conducted with other N. spumigena strains isolated from the Baltic Sea did not tolerate salinity values lower than 2 ppm, and the highest growth rate (μ = 0.15–0.20 d-1) was observed in salinity 8–10 ppm under conditions similar to those in our experiment (Mohlin and Wulff, 2009; Rakko and Seppälä, 2014). A strain (001E) from Australia showed a maximum rate of photosynthesis in salinity 6.6 ppm (Hobson and Fallowfield, 2001). Mazur-Marzec et al. (2005) observed a substantial difference when comparing strains from the Baltic Sea and Australia: while the Australian strain (NSPI-05) showed similar growth in treatments exposed to a wide range of salinity (3–35 ppm) with a slight inhibition in salinity 0 ppm, the Baltic Sea strain (NSGG-1), showed higher growth (μ = 0.11 d-1) in salinity 7 ppm, and negligible growth (μ = 0.05 d-1) in zero salinity. Thus, the physiology of the different Nodularia strains is complex, since strains isolated in different regions in the same country present different physiological responses. In our study, the 15 ppm salinity treatments, independently of temperature (S15T15; S15T23; S15T30), demonstrated very low growth unlike the salinity 7 and 30 ppm treatments (see Figure 2). We repeated the test with the S15 treatment (data not shown), and the same pattern was obtained. To understand this question it would be important to study the biochemical mechanisms that affect growth under the influence of differing salinities. Salinity affects the osmotic equilibrium and concentration of inorganic ions responsible for optimal cell function and growth (Teikari et al., 2018). Photosynthetic activity and cell division can be stopped with salinity changes (Moisander et al., 2002), but it is clear that the strains obtained in different environments, and even from the same one, do not always show a similar response to variations in salinity.

Our experiment on the effect of temperature showed that the Brazilian N. spumigena strain isolated grows equally well in the range tested (15–30°C) with differences related to its interactions with salinity. Studies conducted in the Baltic Sea (Pliński et al., 2007) and Lake Alexandrina, Australia (Hobson and Fallowfield, 2003) showed that temperature was more important and that values above 20°C favored bloom development, which did not happen in our study. Our experiments on growth indicated that the number of cells per trichome of N. spumigena generally decreased, particularly in the treatments that reached higher cell density. The shorter trichomes may have resulted from reproduction by hormogonia, or even by stress, as reported for Raphidiopsis brookii (Yunes et al., 2009). On exception was the high salinity and temperature treatment (S30T30) with the highest cell density of low density of longer trichomes.

Under adverse conditions in the environment, akinetes are responsible for the viability of the populations in the long term. In our experiment, the differentiation of the akinetes markedly increased in the treatments with a lower temperature (15°C), particularly at S15T15 in which 65% of the cells were akinetes, followed by S30T15 and S7T15. In S1T30, the culture did not grow well, and in the other low salinity (S1) treatments, only a few akinetes were observed (<3%). In fact, Li et al. (1997) reported that the differentiation of the akinetes in Anabaena spp. is also triggered at low temperatures. It is interesting to note that the volume of the akinetes tended to be smaller at a higher temperature (30°C) (see Figure 7B), indicating that low temperatures favor the formation not only of a large number of akinetes but also of a larger size. Salinity apparently did not influence the akinete differentiation or size, as was also found by Myers et al. (2011). However, Jones et al. (1994) reported more akinetes with increased salinity, and Mazur-Marzec et al. (2005) observed a large number of akinetes in high salinity and a reduction at zero salinity. It is likely that the interaction between temperature and salinity, and possibly other factors, are important in the control of akinete differentiation.

The distinct biomass measurements presented significant differences. For example, the S30T30 treatment with the highest cell density, presented low DW and AFDW, possibly due to the observed relatively low number of small akinetes (<5%). The high density of vegetative cells in this treatment was also not associated with Chla, which was highest in the salinity 7 ppm treatments. In the latter, highest Chla in the S7T23 did not correspond with density, which was highest in S7T30 and lowest in S7T23. These differences may be associated with the amount of Chla per cell, indicating a strong reduction compatible with cell growth over time, except for two treatments with minimal growth in high temperature (S1T30; S15T30). Given the constraints described above, and the best correlation obtained between optical density and cell density (Figure 1), we suggest using the optical density measurements for estimating the biomass of N. spumigena, instead of DW or AFDW. Chla measurements should be analyzed in conjunction with the cell density and cell size, as the latter presents a general pattern of reduction over time (Mohlin and Wulff, 2009).

Nodularin Production

Three N. spumigena strains isolated from the same shrimp ponds in southern Brazil were shown to produce nodularin (Silveira et al., 2017). It was also shown that one of the strains contains the genes to produce other bioactive compounds, such as spumigin and anabaenopeptin (Popin et al., 2016). The concentration of nodularin recorded in the stationary phase of our experiment (1.3–6.0 μg L-1) was relatively low, considering that values of 0.8–220 μg L-1 (Heresztyn and Nicholson, 1997; McGregor et al., 2012) and greater than 15,000 μg L-1 (Mazur and Pliński, 2003) had previously been found in the environment. It must be noted that the ELISA method used in our study does not detect the nodularin variants, such as NOD-R and [D-Asp’] NOD, which can be produced by our strain (Popin, 2017). Thus, the nodularin concentration found in this study is possibly underestimated. However, even low concentrations of nodularin potentially cause environmental problems, such as animal mortality, contamination of seafood, degradation of water quality (Van Buynder et al., 2001), a reduction in the production rate of copepod eggs (Karjalainen, 2005) and lower fish growth (Pääkkönen et al., 2008). In Southern Brazil, shrimp survival and growth were negatively affected in ponds with N. spumigena blooms (Costa et al., 2013).

In the present study, toxin production was not related to temperature or salinity but to cell density (see Figure 8), and the highest (underestimated) values (2.0–3.4 × 10-7 pg cell-1) were observed in the salinity treatments 15 and 1 ppm, in which cell growth was reduced. In contrast, low values of nodularin (3.5–7.3 × 10-9 pg cell-1) were recorded in salinity treatments 30 and 7 ppm with higher cell density. This type of relationship could be associated with cellular metabolism, which during the exponential phase is directed to cell growth, while there would be a deviation to toxin production during low growth conditions (Sivonen, 1996; Orr and Jones, 1998). However, Repka et al. (2001) suggested that toxin production would be positively related to cell division, and Hobson and Fallowfield (2003) observed higher production of nodularin at low temperature, indicating that the results cannot be easily generalized to other strains or conditions.

Akinete Germination

The recruitment of resistant cells from the sediment could be a key factor for the success of a species in the plankton community (Hansson, 1996). Knowledge of the conditions that favor akinete germination helps to predict cyanobacterial blooming events and represents an important step in management processes. In our study, the akinetes of N. spumigena germinated in all the treatments tested. However, the highest percentage of germination was observed in the treatments with salinity 7 and 15 ppm, in contrast to the lowest in low salinity, especially at a higher temperature (S1T30). A higher germination at salinity values between 5 and 15 ppm was also found in a strain isolated from Australia (Myers et al., 2010). In general, the effect of temperature influenced the akinete germination less than salinity in spite of the slight decrease in germination at high temperature (30°C). Huber (1985) observed that the influence of temperature on akinete germination varies depending on the species with N. spumigena demonstrating a high germination rate between 15 and 25°C. The population with the greatest potential recruitment success that was observed from the akinetes in salinity 7 matches our results of cellular growth. However, in salinity 15, high akinete germination coinciding with low cell density indicates that even without significant growth, the akinetes could potentially initiate the development of a population.

An examination of the storage time of the akinetes indicated that germination tended to increase with a longer storage period (see Figure 9), as has been observed for both N. spumigena (Myers et al., 2010) and Anabaena circinalis (Baker and Bellifemine, 2000). The longer storage period resulting in higher germination may be related to the maturation period of the akinetes (Karlsson-Elfgren et al., 2004). Yamamoto (1975) showed that the akinetes of a strain of Anabaena cylindrica survived for 5 years in a dark and dry environment.

CONCLUSION

The cyanobacterium N. spumigena isolated from shrimp ponds in southern Brazil grows under a wide range of salinity and temperature values, but responded more strongly to salinity. The highest cell densities at the temperatures tested were observed at salinity 7 ppm and the lowest at salinity 1 ppm. The toxin nodularin was produced in all the treatments, demonstrating an inverse relationship between the content of nodularin per cell and cell density. The akinetes were also differentiated in all the treatments, with the exception of S1T30. The largest proportion (65% of cells) occurred in the treatment S15T15 with low cell growth, possibly indicating an effort of the population to survive in the long term. The akinetes also germinated in all the treatments, particularly those cultivated at salinity 7 and 15 ppm with a higher germination percentage (except S15T30). In contrast, the lowest germination was observed in the treatments with salinity 1 ppm. Thus, the low salinity (1 ppm) at all temperatures tested has the potential to inhibit N. spumigena blooms, since it hampers cell growth and the differentiation and germination of the akinetes. These results could be useful to manage aquaculture nurseries and production ponds, in which the presence and persistence of N. spumigena has been a serious problem.
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