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Introduction

Marine epiphytic diatoms are natural diets for multiple marine invertebrates, including sea cucumbers, sea urchins, etc. They also act as bioindicators in marine waters to assess water quality of coastal ecosystems. 





Material and methods

We isolated three strains of Navicula and two strains of Nitzschia from macroalgal epiphytes. Combined concentrations of four macroelements, five trace metals, and three vitamins in f/2 medium were optimized for these diatoms using single-factor and orthogonal tests. 





Results and discussion

The biomass productivities for 4-L enlarged cultures of the five isolated diatoms in their exclusively optimized f/2 media all increased by nearly 10-fold relative to f/2 medium, and that of Navicula-1 and Nitzschia-2 reached the highest, i.e., 29.52 ± 1.98 and 30.68 ± 2.84 g m-2 d-1, respectively. Moreover, the relative abundance of C20:5n3 in the exclusively optimized f/2 medium-cultured Navicula-1 notably rose by 24%, and that in Nitzschia-2 held stable at > 25%. Thus, Navicula-1 and Nitzschia-2 were screened out with outstanding growth traits and improved fatty acid compositions at high levels of combined nitrogen, phosphorus, iron, and silicon. The two diatoms have potential for becoming quality diets for marine aquaculture, and ideal candidates for effective nutrient removal.
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1 Introduction

Diatoms are pivotal primary producers in aquatic ecosystems and play crucial roles in food webs as well as biogeochemical cycles. They exist in almost all aquatic habitats, including oceans, estuaries, wetlands, lakes, and even certain transient aquatic habitats (Pandey et al., 2018), and are responsible for approximately 20% of global oxygen production. The periphytic diatom cells can be established on varieties of vegetal or mineral substrates. The nature and roughness of the substrates create different species assemblages, including macroalgae and macrophytes, as well as rock, sand, and mud (Desrosiers et al., 2013). In addition, the different host macroalgae are usually adhered by various epiphytic diatoms as a portion of the periphyton assemblages (Almeida and Beltrones, 2008; Burfeid-Castellanos et al., 2021).

Periphytic diatoms have been considered effective ecological bioindicators, mainly due to their short generation times (24 h to several weeks) and their direct and sensitive responses to various biological, chemical, and physical disturbances in ecosystems (Kireta et al., 2012). These diatoms are also widely distributed in marine coastal waters. Marine periphytic diatoms have also been regarded as an emerging marine bioindicator. In mesotrophic and oligotrophic waters, nitrogen and phosphorous enrichment have altered benthic diatom species assemblage (Desrosiers et al., 2013). Their short life span and sessile traits enable them to capture ephemeral environmental variations at sampling sites. Moreover, their sensitivity to multiple environmental factors and nutrient enrichment endows characterizing species in terms of functional categories, e.g., salinity, pH, oxygen demands, nitrogen assimilation, and trophic status (Desrosiers et al., 2013; Han et al., 2023).

Municipal wastewater discharge into nearshore waters has turned into the most frequent practice of ultimate sewage disposal in coastal cities (Otim et al., 2018). However, the concentrations of nutrients, especially nitrogen and phosphorus, in multiple coastal ecosystems have increased by year, accompanied by massive increases in numerous volumes of discharge (Zhang et al., 2020). Various microalgal communities have been found to be abundant in these nearshore waters. They can considerably take in different forms of nitrogen and phosphorus (Meerssche and Pinckney, 2019). Among these pollution-resistant microalgae, the periphytic diatoms attached to macroalgae or stones are highly adaptive to the variable environment. Thus, these diatoms could be further isolated and potentially used for effective nutrient removal in municipal wastewater treatment. Meng et al. (2019) found that the periphytic diatom Navicula sp. associated with Stigeoclonium sp. and ammonia-oxidizing bacteria enhanced nitrogen and phosphorus removals in the reactors with stronger illumination. However, this study chiefly focused on the nutrient removal performance of the microalgal community, and the nutrient uptake characteristics of the mono-cultured periphytic diatom were still unclear. Currently, very limited studies on growth traits of periphytic diatoms at high levels of nutrients have been reported. They could contribute to the application of nutrient removal using potentially high-quality periphytic diatoms, especially the robust diatoms distributed around municipal wastewater discharge into nearshore waters.

In addition, the periphytic diatoms have been widely used as the essential natural diets for invertebrate marine animals because they are highly rich in polyunsaturated fatty acids (PUFAs), C20:5n3 in particular (Scholz and Liebezeit, 2013; Xie et al., 2017), and these PUFAs are closely bound up with the metamorphosis and development of larvae of invertebrates, e.g., the sea urchin Paracentrotus lividus and the red abalone Haliotis rufescens (Courtois de Viçose et al., 2012; Sánchez-Saavedra and Núñez-Zarco, 2015; Gomes et al., 2021). Hence, it is necessary to screen periphytic diatoms with high amounts of PUFAs and prominent growth properties. The screened diatoms could serve as an underlying high-quality diet for aquatic animals and be beneficial for developing aquaculture.

Despite the potential uses of the periphytic diatoms in nutrient removal or aquafeeds, only a few reports have described the impacts of culture condition changes in the periphytic diatom growth (Mercado et al., 2004; Yang et al., 2014), especially the requirements for various macro- or micronutrients. Thus, it is crucial to propose nutrient combination strategies for the significant promotion of periphytic diatom growth. In this work, in order to screen the marine epiphytic diatoms with great growth performance, we comprehensively optimized the culture medium, i.e., the general f/2 medium, for five isolated epiphytic diatoms. In addition, the variations in fatty acid profiles of the two screened diatoms with good growth traits were compared under the control f/2 and exclusively optimized f/2 media. This study aims to screen out the potentially fast-growing and nutritional marine epiphytic diatoms. These results could provide valuable insights into the underlying application of pollution-resistant epiphytic diatoms in both aquaculture and wastewater treatment industries.




2 Materials and methods



2.1 Isolation and culture of microalgal strains

Five strains of marine epiphytic diatoms, including three species of Navicula and two species of Nitzschia (Figures 1, 2), were isolated from macroalgal epiphytes in the Heishijiao intertidal zones of Dalian, China, adjacent to a sewage outlet into the sea. The epiphytes on macroalgae were first scrubbed into the sterile seawater using a banister brush. The collected epiphytes were then filtered through a 300-mesh screen to remove large particles. The filtered diatom concentrates were kept static overnight to make the diatom cells settle onto the bottom of the flasks. After the supernatants were discarded, the bottom diatom mixtures were enriched with f/2 medium. The enriched diatom cells grown exponentially were further isolated through a combination of multi-methods, including micropipettes, streaking cells across agar plates, and step dilution method. The isolated xenic epiphytic diatoms were sub-cultured in 1-L Erlenmeyer flasks and maintained in f/2 medium (Harrison and Berges, 2005) at an ambient temperature (15°C–20°C) under a natural light cycle (approximately 10 h of light duration). The diatom biofilms attached to the glass were gently collected and homogenized using a sterilized banister brush. The diatom concentrates were then transferred to a sterile 10-mL tube and kept static for 5 min to precipitate the clumps. The upper homogenous diatoms were inoculated into 400 mL of f/2 medium, and 200 mL of f/2 medium was added into the cultures every 4 days. The sub-culture lasted for a total of 12 days in 1-L flasks.




Figure 1 | Cell morphology of five marine epiphytic diatoms under optical microscope. (A–C) Three species of Navicula expressed as Navicula-1, Navicula-2, and Navicula-3. (D, E) Two species of Nitzschia expressed as Nitzschia-1 and Nitzschia-2.






2.2 Experimental design and enrichment of microalgae

In this work, the optimized batch cultures (Figure 3) were conducted based on the basic f/2 medium, including the combined optimization of four macroelements (nitrogen, phosphorus, iron, and silicon) and eight microelements (five trace metal elements and three vitamins), for three species of Navicula and two species of Nitzschia (Figures 1, 2). Then, three light intensities were also detected to screen out diatoms potentially resistant to high light intensity. The subsequent enlarged cultures for Navicula spp. and Nitzschia spp. at a 4-L scale were further performed to screen the optimal diatoms with good growth traits in the exclusively optimized f/2 media. Ultimately, the fatty acid profiles of the screened diatoms in the exclusively optimized f/2 media were assessed and compared relative to those in the control (f/2 medium) (Figure 3).




Figure 2 | Cell morphology of five marine epiphytic diatoms under scanning electron microscopy. (A–C) Three species of Navicula expressed as Navicula-1, Navicula-2, and Navicula-3. (D, E) Two species of Nitzschia expressed as Nitzschia-1 and Nitzschia-2.



First, the combined concentrations of four macroelements (nitrogen, phosphorus, iron, and silicon) (Yang et al., 2014), five trace metal elements (zinc (Zn), copper (Cu), manganese (Mn), molybdenum (Mo), and cobalt (Co)), and three vitamins (vitamins thiamine (VB1), cyanocobalamin (VB12), and biotin (VH)) (Figures S1-S10, Tables S1-18) in f/2 medium were optimized for Navicula spp. and Nitzschia spp. based on the preliminary single-factor tests and orthogonal tests. Each of the four optimized f/2 media was further designed for Navicula spp. (Table 1) and Nitzschia spp. (Table 2) in terms of the growth curves and the maximum growth rates under the above-mentioned optimization conditions. The growth tests for optimization of culture media and illumination (Figure 3, Tables 1, 2) were performed in an illumination incubator (HPG-280B, Donlian Hall, China) using 10-mL glass tubes (13 × 100 mm) sealed with cotton plugs. The diatom cultures were controlled at 20°C under a 12-h light/12-h dark cycle. The light intensity was set at 100 μmol·m−2·s−1 for optimization tests of culture media.


Table 1 | The four optimized f/2 media designed for three species of Navicula.




Table 2 | The four optimized f/2 media designed for two species of Nitzschia.



Second, three light intensities, including 100 μmol·m−2·s−1, 200 μmol·m−2·s−1, and 350 μmol·m−2·s−1, were tested to explore the optimal illumination intensity appropriate for the isolated epiphytic diatoms grown in the exclusively optimized media (Table 3). The optical density (OD680, Multiskan GO, Thermo Fisher Scientific, Waltham, MA, USA; Wang et al., 1997) of diatom inoculum was first adjusted to 0.045 (~1 × 105 ind./mL; Courtois de Viçose et al., 2012) with sterilized seawater, and each 3-mL cell growing exponentially was transferred into the above-mentioned glass tubes following 2 days of static culture for firm attachment to glass. Then, the seawater was refreshed using 3 mL of f/2 medium, and the OD680 was monitored on Days 2, 4, 6, 8, and 10. Before measurement, a banister brush was used to completely homogenize the diatom cells attached to the bottom of the glass tube 10 times, and the homogenates were vortexed for 1 min to disperse the cells and ensure the determination accuracy. A total of 15 biological replicates of diatom cells for each treatment were prepared on Day 0. Each of the three biological replicates was taken every other day to measure the OD680, which was discarded following measurement. After the determination of OD680, the glass tube was discarded. The specific growth rate was calculated as μ = (lnOD2 − lnOD1)/(t2 − t1), where t1 and t2 are the beginning and sampling time of the culture period, respectively, and OD1 and OD2 are the corresponding optical densities at 680 nm.


Table 3 | The exclusively optimized f/2 media for Navicula and Nitzschia.



Third, to further confirm the significant promotion impacts of the optimized medium on the growth of Navicula spp. and Nitzschia spp., the enlarged cultures in triplicate were conducted in 5-L flasks. Each 2 L of diatom dilutions with OD680 of 0.045 in sterilized f/2 or optimized f/2 medium was inoculated into a 5-L flask. After 4 days of initial culture, another 1 L of fresh medium was gently added into the corresponding cultures. The same volume of the above-mentioned medium was re-added following the next 4 days. The enlarged cultures of the isolated epiphytic diatoms were also conducted at an ambient temperature (15°C–20°C) under a natural light cycle, lasting for 12 days. Further, the enlarged cultures for the five diatoms at a 4-L scale were performed in their respective exclusively optimized f/2 media (Table 3). Prior to harvest, the cultures were gently agitated twice per day. Finally, the fresh diatom cells attached to the glass at the bottom of the 5-L flask were completely collected and homogenized using a long banister brush. The diatom concentrates were centrifuged (4,000 rpm, 10 min, 4°C), and the pellets were weighed to evaluate the growth performance, i.e., the biomass productivity of diatoms (Pd). The biomass productivity was calculated using the fresh weight of the xenic diatom cells, culture days, and surface area of the 5-L flask bottom, as follows:

Pd = M/(3.14 × R2 × T),

where Pd is the biomass productivity of diatoms, M is the wet weight of harvested diatom cells (g), R is the bottom radius of the 5-L conical flask for culturing diatom cells (m), and T is the culture time (days).

The collected diatom pellets were stored at −80°C until subsequent fatty acid analyses.




2.3 Cell morphology

The normal morphology of the diatom cells was observed and preliminarily characterized under a light microscope (Olympus, Tokyo, Japan) with ×400 magnification. For scanning electron microscopy (SEM) observation, 2 mL of diatom cells was first added with equal volumes of sulfuric acid, followed by boiling for 10–30 min to oxidize the organic matter. The mixture was washed with deionized water several times until a neutral level was reached. The specimens were then collected onto a polycarbonate membrane, attached to aluminum stubs, and sputter-coated with gold (JFC-1100, JEOL, Tokyo, Japan). The samples were observed, and the micrographs were taken under a JSM-6360LV SEM (JEOL, Japan) operated at 15 kV.




2.4 Fatty acid analyses

The fatty acid profiles of diatoms were determined via lipid extraction (Folch et al., 1957) and transesterification (Metcalfe and Schmitz, 1961), followed by gas chromatography (GC) analysis for fatty acid methyl esters (FAMEs), as previously reported (Yin et al., 2013). In brief, lipids were first extracted using chloroform/methanol (2:1, v/v) with ultrasonication for 15 min and then layered with potassium chloride (0.88%, m/v). The lipid extraction was repeated three times, and the merged lower organic phase was dried under gentle nitrogen flow. The extracted lipids (50–100 mg) were hydrolyzed using 0.5 M KOH–methanol at 70°C for 1 h, and the produced fatty acids were then esterified using methanol under the catalysis of boron trifluoride. FAMEs were extracted using petroleum ether and quantified using a Shimadzu GC-2010 fitted with a flame ionization detector (FID) as well as a fused silica capillary column (30 m × 0.25 mm ID × 0.3 μm film, FFAP, Dalian Institute of Chemical Physics, Chinese Academy of Sciences, China). The temperatures of the inlet and detector were 250°C and 230°C, respectively, and the split ratio was 100:1. The carrier gas was nitrogen with a purity of 99%. The column temperature was programmed from 160°C to 230°C increasing at 2°C/min and held at 230°C for 5 min. The running time was 40 min. The petroleum ether extracts were condensed under mild nitrogen flow when necessary.




2.5 Statistical analysis

The data were statistically analyzed using SPSS 19.0 and denoted as average ± standard deviation (SD, n = 3). The single-factor tests as well as the orthogonal tests (Tables S1-S4) were performed to evaluate the impacts of the four macroelements (nitrogen, phosphorus, iron, and silicon; Yang et al., 2014), five trace metals (Zn, Cu, Mn, Mo, and Co; Figures S1–S6, Tables S5-S12), and three vitamins (VB1, VB12, and VH; Figures S7-S10, Tables S13-18) in f/2 medium on the growth of diatoms. Statistical significance of the difference was determined by one-way analysis of variance and Tukey’s honestly significant difference (HSD) test with a significance level of 0.05 and Student’s t-test expressed as *p < 0.05 or **p < 0.01.





3 Results

First, the five isolated epiphytic diatoms were characterized under both bright-field and SEM (Figures 1, 2). The two lamellar plastids of Navicula spp., including Navicula-1, Navicula-2, and Navicula-3 (Figures 1A–C), were symmetrically distributed on the left and right sides of silica shell, while those of Nitzschia spp., including Nitzschia-1 and Nitzschia-2 (Figures 1D, E), were generally top- and bottom-distributed under bright-field microscopy. In addition, three species of Navicula (Figures 2A–C) were characterized by their typical raphes, and two species of Nitzschia (Figures 2D, E) had typical canal raphes under SEM.




Figure 3 | Experimental design for optimized cultivation and screening of five marine epiphytic diatoms. Four batches of diatom cultures in 10-mL tubes or 5-L flasks were performed in triplicate. The capital letters M, T, and V indicate macroelements (N, P, Fe, and Si), trace metals (Zn, Cu, Mn, Mo, and Co), and vitamins (VB1, VB12, and VH), respectively. The different colors of the same capital letter in Media 1, 2, 3, and 4 indicate the different concentrations, while the darker the color of the framed circle for the same element in Media 2 and 2*, the higher the concentration of the element for the same diatom. In addition, the concentration of nitrogen for Navicula was increased, and that of silicon for Navicula and Nitzschia was both reduced in Medium 2* relative to Medium 2; the concentration of iron for Navicula was reduced, and that for Nitzschia was increased. In Batch 1 of 3-mL cultures, the four optimized f/2 media for Navicula spp. and Nitzschia spp. (Media 1, 2, 3, and 4 in the figure represent optimized f/2-1, f/2-2, f/2-3, and f/2-4 media, respectively, in Tables 1, 2) were tested in terms of the growth curve, and the maximum specific growth rates, μmax, and the respective optimized f/2-2 media (Tables 1, 2) for Navicula spp. and Nitzschia spp. were screened out due to the diatoms’ good growth properties. In Batch 2 of 4-L cultures, the biomass productivities for five strains of diatoms were evaluated in their respective optimized f/2-2 media (Medium 2 in the figure). Then, the respective optimized f/2-2 media were further optimized for concentrations of nitrogen, phosphorus, and silicon and indicated as the exclusively optimized f/2 media (Medium 2* in the figure) in Table 3. In Batch 3 of 3-mL cultures, the exclusively optimized f/2 media (Medium 2* in the figure) for Navicula spp. and Nitzschia spp. were used, and three light intensities were set to assess their impacts on growth curve and μmax of five diatoms. Ultimately, Navicula-1 and Nitzschia-2 both presented more outstanding growth traits than the other diatoms, and their enlarged 4-L cultures in Batch 4 also possessed consistent biomass productivity. The corresponding fatty acid profiles of these two diatoms were then evaluated.



The results showed that the OD680 of Navicula-1, Navicula-2, Navicula-3, and Nitzschia-1 under the four optimized f/2 media were all significantly higher (p < 0.05) than that under the f/2 medium. The N:P mass ratios in the four optimized f/2 media for Navicula spp. increased from 10.8 (f/2 medium) to 23.2 or 32.7, while that for Nitzschia spp. also increased to 13.1 (Tables 1, 2). The differences for the OD680 of three species of Navicula reached up to 2.8–4.0-fold, and those for two species of Nitzschia merely reached 1.2–2.5-fold on Day 10 (Figures 4A–D). In particular, Nitzschia-2 exhibited no significantly promoted growth when cultured in the four optimized f/2 media for 10 days (Figure 4E). In addition, the maximum specific growth rates, μmax, of Navicula spp. (at Day 6 or 8) occurred later than those of Nitzschia spp. (at Day 2) (Figure 5). However, a 2- or 3-fold increase was found in μmax of three species of Navicula, and the increase in μmax in two species of Nitzschia was less than 1.5-fold under the four optimized f/2 media (Figure 5). Moreover, the μmax of Nitzschia-2 was notably higher (p < 0.05) than that of the other four epiphytic diatoms in either f/2 or the other four optimized f/2 media (Figure S11). In terms of μmax, three species of Navicula, Navicula-1, and Navicula-2 were found to be more prominent (p < 0.05) than Navicula-3 (Figure S11).




Figure 4 | Effects of four optimized f/2 media on growth of five marine epiphytic diatoms. The components of the four optimized f/2 media for Navicula spp. (A–C) and Nitzschia spp. (D, E) are listed in Tables 1, 2, respectively. Values are means of three biological replicates ± SD (n = 3).






Figure 5 | The maximum specific growth rates of five epiphytic diatoms in four optimized f/2 media. The μmax indicates the maximum specific growth rates of certain diatoms during certain culture days. The maximum specific growth rates of Navicula-1, Navicula-2, Navicula-3, Nitzschia-1, and Nitzschia-2 occurred on Days 6, 6, 8, 2, and 2, respectively, when they were cultured with f/2 or optimized f/2 media. The different letters labeled for the same diatom indicate the statistically significant difference by Tukey’s honestly significant difference (HSD) test. The components of the four optimized f/2 media for Navicula spp. and Nitzschia spp. are listed in Tables 1 , 2, respectively. Values are means of three biological replicates ± SD (n = 3).



Given that the optimization growth tests were conducted in 10-mL tubes, and the diatoms presented notably promoted growth rates (p < 0.05) at different levels, the optimized cultivation was then expanded to 5-L flasks for further testing the rapid growth of five diatoms. Then, the respective “optimized f/2-2” medium for Navicula spp. and Nitzschia spp. (Tables 1, 2) was chosen to assess the enlarged cultures based on the absolute growth rates of five diatoms (Figure 5). The results demonstrated that the biomass productivities of five diatoms under the optimized f/2 media were all significantly improved (p < 0.05), i.e., 6–13-fold of those under f/2 medium during 12 days of optimized cultures (Table 4). Moreover, the biomass productivities for three species of Navicula were found to be approximately 1.5-fold of those of two species of Nitzschia (Table 4).


Table 4 | The biomass productivities of five marine epiphytic diatoms over 12 days of enlarged cultures.



The results revealed that all the growth performances of five diatoms cultured with the exclusively optimized f/2 medium under three light intensities were much better than those cultured with the f/2 medium (Figures 6; S12). The N:P mass ratios in the exclusively optimized f/2 media for Navicula spp. and Nitzschia spp. were 2.4- and 1.2-fold of those in the f/2 medium, respectively (Table 3). Different light intensities generated no obvious impacts on the growth of the f/2 medium-cultured diatoms, except for Nitzschia-2. The growth of Navicula-2 was found to be significantly inhibited (p  < 0.05) in the exclusively optimized f/2 medium when the illumination was increased to 350 μmol·m−2·s−1, while that of Navicula-1 and Navicula-3 was not prominently affected (Figures 6A–C, S12A–C, S13). Differently from Navicula spp., two species of Nitzschia both presented relatively good growth performance under the high light conditions when cultured with the exclusively optimized f/2 media (Figures 6D, E, S12D, E, S13).




Figure 6 | Effects of the exclusively optimized f/2 media on the growth of five marine epiphytic diatoms under three light intensities. The legends of “optimized f/2” denote the exclusively optimized f/2 media for Navicula spp. (A–C) and Nitzschia spp. (D, E), which are listed in Table 3. The legends of 100, 200, and 350 behind f/2 refer to the light intensities for optimization tests, i.e., 100, 200, and 350 μmol·m−2·s−1, respectively. Values are means of three biological replicates ± SD (n = 3).



From the view of the maximum specific growth rates, i.e., μmax, the most outstanding diatom turned out to be Nitzschia-2, regardless of whether it was cultured under the high light or in the exclusively optimized medium (Figure 7). The μmax of Nitzschia-2 was 1.3-2.7 times that of the other four diatoms under three light intensities, though that of the five diatoms was nearly identical in f/2 medium under light of 100 μmol·m−2·s−1. In addition, the μmax of Nitzschia spp. still occurred 2 days earlier than that of Navicula spp. However, the three species of Navicula almost could not be differentiated from each other in terms of the μmax under different culture conditions. However, once the light intensity increased to 350 μmol·m−2·s−1, the μmax of Navicula-2 and Navicula-3 remarkably decreased (p < 0.05) relative to that of Navicula-1 (Figure 7).




Figure 7 | Comparison of the maximum specific growth rates of five epiphytic diatoms in f/2 and the exclusively optimized f/2 media under three light intensities. The μmax indicates the maximum specific growth rates of certain diatoms during certain culture days. The maximum specific growth rates of Navicula-1, Navicula-2, Navicula-3, Nitzschia-1, and Nitzschia-2 occurred on Days 6, 6, 6, 4, and 4, respectively, when they were cultured with f/2 or exclusively optimized f/2 media. The legends of “optimized f/2” denote the exclusively optimized f/2 media for Navicula spp. and Nitzschia spp., which are listed in Table 3. The different letters labeled for the same diatom indicate the statistically significant difference by Tukey’s honestly significant difference (HSD) test. The components of the exclusively optimized f/2 media for Navicula spp. and Nitzschia spp. are listed in Table 3. Values are means of three biological replicates ± SD (n = 3).



The results demonstrated that the biomass productivities of the five diatoms in the respective exclusively optimized f/2 media were all significantly higher (p < 0.05) than those in the optimized f/2-2 media listed in Tables 1, 2. In particular, Navicula-1 and Nitzschia-2 exhibited the highest biomass productivities, i.e., 29.52 ± 1.98 g·m−2·day−1 and 30.68 ± 2.84 g·m−2·day−1, respectively (Table 4). Overall, Navicula-1 and Nitzschia-2 showed greater growth performance among the five marine epiphytic diatoms.

However, the fatty acid profiles for Navicula-1 and Nitzschia-2 cultured with the exclusively optimized f/2 media at an enlarged 4-L scale were detected (Figures 8A; S14). It was interesting to note that the relative abundances of C20:5n3 in Navicula-1 cultured with the exclusively optimized f/2 medium were found to notably rise (p < 0.05) by 24%, and that of C16:1n7 significantly decreased (p < 0.05) by 28% relative to the f/2 medium (Figure 8A), though the PUFAs increased without a remarkable difference (Figure S14). In addition, the exclusively optimized f/2 medium-cultured Nitzschia-2 remained stable in the relative abundances of both PUFAs and C20:5n3, and the relative abundance of C16:1n7 was prominently reduced (p < 0.05) by 31% (Figures 8B, S14).




Figure 8 | Effects of the exclusively optimized f/2 media on fatty acid profiles of Navicula-1 (A) and Nitzschia-2 (B). The legends of “optimized f/2” denote the exclusively optimized f/2 media for Navicula-1 and Nitzschia-2, which are listed in Table 3. Values are means of three biological replicates ± SD (n = 3). *p < 0.05; **p < 0.01.






4 Discussion

The periphytic diatoms are abundant in nutrient-rich waters and are classified as pollution bioindicators in the diversified environment. This is chiefly because these diatoms can utilize and assimilate large amounts of inorganic and organic nutrients, e.g., nitrogen and phosphorus derived from urban sewage (Kwon et al., 2013). However, periphytic diatoms have also been widely used as the key natural diets for invertebrate marine animals. It is mainly because they are highly rich in polyunsaturated fatty acids, C20:5n3 in particular, and concern the metamorphosis of the invertebrates (Chen, 2007; Sánchez-Saavedra and Núñez-Zarco, 2015; Xie et al., 2017). As such, the isolation and further screening of high-quality periphytic diatoms are necessary to potentially contribute to wastewater treatment and developing aquaculture industries.

Light drives diatom productivity, and diatoms are well-adapted to utilize flexible intensities and endure variable light exposure, dependent on seasons, latitudes, and depth. Many studies have demonstrated that the growth rates and photosynthesis in various phytoplankton species can be affected by illumination conditions (van Leeuwe et al., 2005; van de Poll et al., 2007). In this study, the enlarged cultures of the five isolated diatoms were performed in 5-L flasks under natural light cycles (approximately 10 h of light duration). The light intensity illuminated on the flasks was often up to nearly 350 μmol·m−2·s−1, especially at noon. Even so, these diatoms mostly grew vibrantly. Although the diatoms generally require not too high light intensity, the isolated epiphytic diatoms in this study might indeed be able to live under high light intensity, e.g., 350 μmol·m−2·s−1. This is probably because these isolated indigenous diatoms distributed on the intertidal macroalgae seem to be capable of enduring high light intensity. Thus, three light intensities, including 100 μmol·m−2·s−1, 200 μmol·m−2·s−1, and 350 μmol·m−2·s−1, were set to test the tolerance and adaption of the five isolated epiphytic diatoms to high irradiance. However, five strains of diatoms mostly exhibited no significantly promoted growth rates, and even presented inhibited growth rates (Figures 6, 7), when treated with high light intensities (from 100 μmol·m−2·s−1 to 350 μmol·m−2·s−1) under either f/2 or the exclusively optimized f/2 media. It has been shown that certain diatom species in adaption to high light intensities present high growth rates, high photosynthetic activity, high light saturation intensities, and competent responses to photoinhibition under different high irradiance levels (Benjamin et al., 2013; Kvernvik et al., 2020). Given that the five strains of diatoms in this work were isolated from the epiphytes on the macroalgae in the intertidal zone, the habitats that these diatoms inhabit are undergoing variable irradiations, especially in the summer high-temperature extreme days. Thus, they could likely endure high levels of irradiation and have higher biomass productivity under indoor natural light illumination.

In this study, we selected four macroelements (nitrogen, phosphorus, iron, and silicon), five trace metal elements (Zn, Cu, Mn, Mo, and Co), and three vitamins (VB1, VB12, and VH) mainly because the basal medium for culturing marine diatoms is usually f/2 medium, and the above 12 elements comprise the whole components. In addition, the pre-cultured epiphytic diatom biofilms in f/2 medium gradually turned greenish within 7 days. In this case, the diatom cells likely require higher levels of nutrients in this medium; thus, we designed single-factor as well as orthogonal tests for each element in our preliminary experiments (Yang et al., 2014, Figures S1-S10, Tables S1-18). Based on these tests, we further designed four optimized media for Navicula spp. and Nitzschia spp. (Tables 1, 2). Our results demonstrated that the isolated five strains of epiphytic diatoms were all well-adapted to high concentrations of macronutrients, including nitrogen, phosphorus, iron, and silicon. It was worth noting that the 12-day enlarged cultures for three species of Navicula in the optimized f/2 media all gradually changed from dark brown to a kind of yellow-green. It was also consistent with the change in colors of the chloroplasts under the light microscope. Hence, we assumed that the macroelement, i.e., nitrogen, was likely insufficient for Navicula spp. Additionally, when high levels of silicon stocks in optimized f/2 media were added into the sterile seawater, a few white precipitates occurred instantly, and the harvested diatom pellets were also covered with a thin layer of white precipitates. Thus, the silicon in both the optimized f/2 media for these diatoms was presumed to be surplus. Finally, the optimized f/2-2 media for Navicula spp. and Nitzschia spp. in Tables 1, 2 were further modified. The nitrogen levels for Navicula spp. were elevated, and the silicon levels for the five diatoms were all reduced (Table 3). In addition, in order to distinguish the differences between the nutrient needs of Navicula spp. and Nitzschia spp., we fine-tuned the concentrations of iron for the two genera to the same level. The two further modified media were called the exclusively optimized media for Navicula spp. and Nitzschia spp. (Table 3). Specifically, the concentrations of nitrogen, phosphorus, and iron in the exclusively optimized f/2 media for Navicula spp. and Nitzschia spp. were 2–6-fold of those in the f/2 medium. However, the concentrations of silicon for the two genera of diatoms were up to 15- and 10-fold of those in the f/2 medium (Table 3). Apart from the equivalent concentrations of phosphorus and iron for the two genera of diatoms, Navicula spp. preferred much higher levels of nitrogen (74.16 to 34.51 mg/L) and silicon (37.08 to 23.01 mg/L) relative to Nitzschia spp. in the exclusively optimized f/2 media. Hence, Navicula spp. seemed to harbor a higher capability to utilize and assimilate inorganic nitrogen and silicon than Nitzschia spp., which will be focused on and further explored in our future study. At the same time, the biomass productivities of these five diatoms in f/2 medium were found to increase by 10–14-fold in the exclusively optimized f/2 media (Table 4). Moreover, the biomass productivities of the three species of Navicula in the optimized f/2-2 medium notably rose by 5%–14% compared with those in the exclusively optimized f/2 medium, while those of the two species of Nitzschia both significantly rose by more than 77% (Table 4). These results demonstrated that the epiphytic diatoms were indeed more capable of recruiting and storing inorganic nutrients, nitrogen, and silicon in particular.

Kwon et al. (2013) investigated the uptake rates of nitrate and phosphate by four periphytic diatoms, including Achnanthes sp., Amphora sp., Navicula sp., and Nitzschia sp. However, Nitzschia sp. exhibited the highest specific uptake rates under multiple wavelengths and had been considered a useful species for phytoremediation. In this work, the selective Navicula-1 and Nitzschia-2 had outstanding growth traits and improved fatty acid profiles under high concentrations of nitrogen. They could also be potentially used for remediating nutrient-rich wastewater. Furthermore, the silicified diatoms require large amounts of silicon for growth together with nitrogen, phosphorus, and carbon, thus connecting the biogeochemical cycles of these elements. Understanding the silicon cycle is essential for deciphering the connected function of marine food webs, biogeochemical cycles, and the biological carbon pump (Tréguer et al., 2021). The fast-growing Navicula-1 and Nitzschia-2 in this work turned out to be highly adapted to silicon-abundant (34.51 mg/L and 23.01 mg/L) waters, and they were very likely to become favorable candidates for future study of the silicon cycle.

A previous study showed that silicon could become limiting to diatoms after nitrogen and phosphorus enrichment (Carrick, 1988). However, in this study, the silicon concentrations in the exclusively optimized f/2 media for Navicula spp. and Nitzschia spp. were 15- and 10-fold, respectively, of those in the control f/2 medium. In addition, nitrogen and phosphorus concentrations in the exclusively optimized f/2 media Navicula spp. and Nitzschia spp. were just 2–6-fold of those in the control f/2 medium. In general, the Redfield C:N:P ratio of 106:16:1 has been widely considered as a mean composition of the three macroelements in phytoplankton. Nutrient limitation could result in the stoichiometric ratio further away from the Redfield ratio (Spilling et al., 2015). In this case, the limiting nutrients are at the lowest level, and the non-limiting nutrients are utilized as well as over-stored. In this work, the screened optimal N:P mass ratios for Navicula spp. and Nitzschia spp. in the exclusively optimized f/2 media turned out to be 26.1:1 and 13.1:1, respectively, and they were both higher than those in the control f/2 medium (10.8). In particular, the three strains of Navicula were found to prefer more levels of nitrogen than the two strains of Nitzschia.

Vitamins and trace metals play essential roles in the growth regulation of marine microalgae. Many microalgal species require one or more vitamins as well as trace metals for growth, implying that these nutrients likely serve as limiting resources (Peperzak et al., 2000). It is necessary to make clear the vitamin and trace metal demands of microalgae greatly concerning the primary production of seas and oceans. In the f/2 medium, the above-mentioned nutrients are all included. The vitamins consist of VB1, VB12, and VH, and trace metals consist of Zn, Cu, Mn, Mo, and Co. In this study, the growth of five strains of diatoms was found to be not prominently affected by all these nutrients based on the single-factor tests as well as the orthogonal tests (Tables S1-S18, Figures S1-S10). Hence, the concentrations of these seven nutrients, i.e., 0.5–100 μg/L for vitamins and 2.54–49.44 μg/L for trace metals, in the f/2 medium appeared to be sufficient for favorable growth of the isolated diatoms in this work. Furthermore, Navicula spp. and Nitzschia spp. were verified to show outstanding growth rates and biomass productivity just in the exclusively optimized f/2 media, where the concentration of each micronutrient was the same as that in the f/2 medium. It was also indicated that the nutritional factors more important for the growth of marine epiphytic diatoms were nitrogen, phosphorus, iron, and silicon, compared with the vitamins and trace metals. Overall, in this study, the growth of the epiphytic diatoms was shown to be greatly affected by nitrogen, phosphorus, iron, and silicon, while the vitamins, trace metals, and the light intensity could just generate minimal impacts on the growth of these diatoms. Indeed, the combined higher concentrations of the above macroelements produced more than 10-fold biomass productivity for either Navicula spp. or Nitzschia spp. (Table 4), indicating the great potential of these diatoms in nutrient-rich wastewater treatment.

However, the fatty acid profiles of microalgae determine their application potential. If the algal cells are abundant in saturated or monounsaturated fatty acids, they are more suitable to become potential raw materials for biofuels (Hu et al., 2008). If they are abundant in PUFAs, they are more appropriate to serve as functional lipids that are beneficial for human health. In common, the fatty acid profiles of diatoms can alter in response to variable nutrient conditions, including nitrogen, phosphorus, iron, and silicon (Jeffryes et al., 2013; Abida et al., 2015; Yang et al., 2017; Cointet et al., 2019; Zhang et al., 2023). In particular, the saturation degree of fatty acids in nutrient-depleted or nutrient-limited algal cells significantly increased, and the lipids could also be hyper-accumulated (Zienkiewicz et al., 2016). However, Feng et al. (2011) found that Isochrysis zhangjiangensis (Chrysophyta) accumulated the highest amount of lipids (53%) when cultured in an extremely high nitrate concentration (100-fold of those in f/2 medium), though the growth of algal cells was suppressed. Nitrogen and phosphorus could affect and even take part in lipid metabolism in microalgae. In diatoms, nitrogen-containing lipids include phosphatidylcholine (PC), phosphatidylethanolamine (PE), and diaclyglycerylhydroxymethyl-N,N,N-trimethyl-beta-alanine (DGTA); all the phospholipids contain phosphorus; thus, phosphorus is closely related to lipid metabolism (Abida et al., 2015). In addition, iron has been considered one of the most essential trace mineral elements for organisms. It plays crucial roles in nitrogen utilization, chlorophyll biosynthesis, and various biochemical metabolisms in microalgae. As such, iron is a major factor affecting the growth and reproduction of algal cells (Sutak et al., 2020; Nam et al., 2021). In particular, the iron source FeCl3 added in the culture medium could increase the total lipid content and the PUFA amounts in diatoms, especially C20:5n3 and C22:6n3. Moreover, Fe3+ could also affect the expression of crucial genes involved in lipid biosynthesis in diatoms, thus altering lipid accumulation (Govindan et al., 2021). It is commonly accepted that silicon metabolism greatly concerns the frustule formation and influences the cell division in diatoms (Martin-Jezequel et al., 2000). Jeffryes et al. (2013) adopted a bioprocess strategy to enhance lipid production in the diatom Cyclotella sp. via controlled silicon addition. Thus, the fatty acid profiles and the lipid content in diatoms could be regulated by the four macroelements, including nitrogen, phosphorus, iron, and silicon. Previous studies demonstrated that nutrient limitation could dramatically alter the fatty acid composition of the diatoms, giving rise to a decline in the number of long-chain PUFAs (Breteler et al., 2005). Furthermore, the diatom feeder, e.g., the copepods, could not reach maturity (Breteler et al., 2005). In contrast, nutrient enrichment could also change the fatty acid profiles of the epiphytic diatoms, but the relative abundances of PUFAs, C20:5n3, for example, presented an increased trend in this work, which was contrary to the case for nutrient limitation (Breteler et al., 2005). Hence, either eutrophy or nutrient limitation could affect lipid production in diatoms. We explored the impacts of the optimized f/2 media on the lipid production of these indigenous diatoms. It is mainly because the epiphytic diatoms are potentially applicable as natural diets to feed the echinoderm, e.g., sea cucumbers, in the subsequent work. In addition, the fatty acid components, C20:5n3 in particular, have been largely reported to be crucial for metamorphosis development and robust growth of marine invertebrates (Chen, 2007; Sánchez-Saavedra and Núñez-Zarco, 2015; Xie et al., 2017). The fast-growing Navicula-1 in this work was rich in saturated and monounsaturated fatty acids (69%–74%), while the relative amounts of PUFAs in Nitzschia-2 accounted for approximately 50%. In spite of this, the relative amounts of the main polyunsaturated C20:5n3 for both diatoms notably improved or remained stable when these cells were cultured in the exclusively optimized f/2 media. The result was also consistent with the above-mentioned previous studies (Jeffryes et al., 2013; Abida et al., 2015; Zhang et al., 2023).

In addition, the previous study showed that Navicula sp. as a fresh diet could not only enhance growth performance but also improve digestive enzyme activity and immunity in early growth of the sea cucumber, Apostichopus japonicus (Xie et al., 2017). Moreover, another diatom, i.e., Cylindrotheca fusiformis, was also reported to be a good feed ingredient for juvenile A. japonicus (Shi et al., 2013a, Shi et al., 2013b). The appropriate addition of C. fusiformis into the feed can enhance the growth of sea cucumbers in farming ponds (Li et al., 2015). In this case, the indigenous epiphytic diatoms isolated in our study were very likely to present growth-promoting effects and essential nutrient supply; thus, they have the potential to become the natural diets for the echinoderms. Overall, the screened Navicula-1 and Nitzschia-2 presented good growth traits and optimized fatty acid compositions at high levels of not only nitrogen (3–6-fold of those in f/2 medium) but also phosphorus (2-fold of those in f/2 medium), iron (10–15-fold of those in f/2 medium), and silicon (5-fold of those in f/2 medium) (Table 3) in this study. The two diatoms are very likely to be applied for remediating nutrient-rich wastewater and further exploitation of fatty acid-based bioproducts.




5 Conclusion

In this study, three strains of Navicula and two strains of Nitzschia were isolated from macroalgal epiphytes. Navicula-1 and Nitzschia-2 were screened out due to their outstanding growth traits under the optimized media with high levels of nitrogen, phosphorus, iron, and silicon. Their biomass productivities at a 4-L enlarged scale in the exclusively optimized f/2 media both increased by 10-fold relative to the f/2 medium. Moreover, the fatty acid profiles of the two diatoms were notably improved, and their relative amounts of PUFAs, especially C20:5n3, were significantly elevated or remained stable in the exclusively optimized f/2 media. Thus, the two screened diatoms have the potential to become quality diets for marine aquaculture and are ideal candidates for effective nutrient removal.
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