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Marine carbon and nitrogen processing through microorganisms’ metabolism is an important aspect of the global element cycles. For that purpose, we used foraminifera to analyze the element turnover with different algae food sources. In the Baltic Sea, benthic foraminifera are quite common and therefore it is important to understand their metabolism. Especially, Cribroelphidium selseyense, also occurring in the Baltic Sea, has often been used for laboratory feeding experiments to test their effect on carbon or nitrogen turnover. Therefore, foraminifera were collected from the Kiel Fjord and fed with six different algal species in two qualities (freeze-dried algae vs. fresh algae, all 13C- and 15N-labeled). Also, labeled dissolved inorganic C and N compounds and glucose were offered to the foraminifera to test direct assimilation of dissolved compounds (carbon and nitrogen) from the water column. Our experiments showed that after 15 days of incubation, there were highly significant differences in isotope labeling in foraminifera fed with fresh algae and dry algae, depending on algal species. Further, different algal species led to different 13C and 15N enrichment in the studied foraminifera, highlighting a feeding preference for one diatom species and an Eustigmatophyte. A significant carbon assimilation from HCO3– was observed after 7 days of incubation. The N assimilation from NH4+ was significantly higher than for NO3– as an inorganic N source. The uptake of glucose showed a lag phase, which was often observed during past experiments, where foraminifera were in a steady state and showed no food uptake at regular intervals. These results highlight the importance of food quality on the feeding behavior and metabolic pathways for further studies of foraminiferal nutrition and nutrient cycling.
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INTRODUCTION

Foraminifera are marine unicellular protists (rhizaria), which play an important role in marine element cycles (e.g., Gooday et al., 1992; Cesborn et al., 2017; Bird et al., 2020). They feed on phytoplankton (Austin et al., 2005), bacteria (Schmidt et al., 2021), even on metazoans (Chronopoulou et al., 2019) and are transferring energy in form of organic matter to a higher trophic level (e.g., Azam et al., 1983; Beringer et al., 1991; Van Oevelen et al., 2006). In previous laboratory observations, it turned out that a very common foraminifera (Ammonia tepida) act as a carnivore and predate on nematodes, artemia, copepods and on larval gastropods (Suhr et al., 2008; Dupuy et al., 2010). In past feeding experiments, the uptake of diatoms, dinoflagellates, chlorophytes, chrysophytes, cyanophytes, bacteria and yeast by different foraminifera were investigated (Lee et al., 1966). They observed, that dinoflagellates, chrysophytes, most bacteria and also yeast were not digested by foraminifera, whereas in contrast the other algae were digested in large quantities. Due to the high number of foraminifera in marine habitats and their contribution to the uptake of phytodetritus, foraminifera are important for marine carbon and nitrogen cycles (e.g., Altenbach, 1992). The food uptake of foraminifera depends on several parameters. Ecological parameters like food supply and food quality (Lee et al., 1966) as well as changes in physical parameters like temperature (Wukovits et al., 2017) or salinity (Lintner et al., 2020) lead to a different feeding behavior and changes in carbon and nitrogen fluxes via foraminifera. With these experiments, it could be shown that common foraminifera from the mudflats (Ammonia tepida and Haynesina germanica) can deal with shifts in temperature between 20 and 30°C but have their optimum at 25°C (Wukovits et al., 2017). In case of salinity changes it seems, that A. tepida felt more comfortable at higher salinities (37 PSU) than H. germanica, which have their highest metabolic activity at 24 PSU (Lintner et al., 2020). Both species showed a very low metabolic activity at low salinities (11 PSU). In contrast, the foraminifera Cribroelphidium selseyense from the Baltic Sea can cope with low salinities (15 PSU) much better than with an increase of the salt content of the seawater (25 PSU) (Lintner et al., 2021a). For all these experiments the green algae Dunaliella tertiolecta was used as a food source. It could be observed, that the ingested amount of food by C. selseyense was much lower than of the other species (A. tepida and H. germanica) and it is assumed, that these algae is not a preferred food source of this foraminifera (Lintner et al., 2021a). Laboratory experiments with Ammonia tepida showed that the green algae Dunaliella parva was a suitable food source for these foraminifera (Lee et al., 1961), however, Haynesina germanica preferred diatoms as a food source (Austin et al., 2005). In contrast, the preferred algae food source of C. selseyense has never been investigated. This is of particular interest, when analyzing the effect of environmental parameters on C. selseyense, because a higher food uptake of foraminifera can lead to a better interpretation of the results from such feeding experiments. Furthermore, dissolved heavy metal concentrations (Lintner et al., 2021b) or the light regime (Lintner et al., 2021a) can affect the feeding and the metabolic activity of foraminifera. In this case, it could be shown, that an enrichment of Cu led to a dramatic increase of the food uptake of C. selseyense, whereas Zn or Pb does not significantly affect the metabolisms of this foraminifera (even for Zn a trend was observed) (Lintner et al., 2021b). Additionally, foraminifera show different chloroplast uptake ratios (kleptoplastidy) with different algal diets (Correia and Lee, 2000).

In this study the food preference (preferred algae) of the foraminiferal species Cribroelphidium selseyense was tested, due to the high relevance for C or N processing. This species is also known as Elphidium selseyense, which is part of the species complex Elphidium excavatum (Darling et al., 2016). According to Darling et al. (2016) the species C. selseyense corresponds to the species E. excavatum S5. Generally, Elphidium (Cribroelphidium) is optimally suited for investigations in the Kiel Fjord, because this genus can account for over 90% of the foraminiferal assemblages there (Schönfeld and Numberger, 2007). Therefore, we tested the C and N uptake rates of C. selseyense for 6 different algal species. The algae were offered either as freeze-dried or as fresh material to investigate feeding preferences between fresh and dried algal diet. Finally, we tested the incorporation of inorganic and organic C and of inorganic N (nitrate vs. ammonium) of these foraminifera. All these results will help to understand the feeding behavior of this foraminifera. This study will lead to a better understanding of the feeding behavior of foraminifera and should optimize further feeding experiments with C. selseyense by selecting a preferred food source (algae) for them.



MATERIALS AND METHODS


Sampling Site

Samples for this study were collected in Kiel Fjord in northern Germany. This Fjord has a length of 9.5 km and is about 250 m wide in the inner Fjord and 7.5 km in the outer Fjord (Nikulina et al., 2007). Water depths range from 10 to 12 m in the inner Fjord and up to 20 m in the outer part of the Fjord. Temperature and salinity are relatively constant at any water depth (Schwarzer and Themann, 2003). In summer, the water masses are stratified, the bottom water with 12°C and a salinity of 21 practical salinity units (PSU) in contrast to surface waters with 16°C and a salinity of 14 PSU (Polovodova and Schönfeld, 2008). In the southeast of the inner Fjord, the Schwentine river supplies fresh water, which causes a lower salinity of the water in this area. Due to the high eutrophication of the Kiel Fjord in the last 70 years, an increase of Cu or Zn in fishes and mollusks was observed (ter Jung, 1992; Senocak, 1995). Experiments with C. selseyense showed that increased metal concentrations, especially Cu, lead to a decrease of feeding and metabolic activity (Lintner et al., 2021a). Further, the Kiel Fjord is enriched in organic C and nutrients, originating from Kiel city and the surrounding industry (Gerlach, 1984). This high input of nutrients results in a high primary production, which leads to an increased production of phytodetritus and therefore a high food availability for foraminifera in that area (Gerlach, 1990).



Sampling of Foraminifera

The sediment samples with living foraminifera were collected from the Kiel Fjord in northern Germany on 1st and 2nd of July 2020. The samples were taken with a box corer on the research vessel F. S. ALKOR from 12.3 m water depth at N 54°25.255′ and E 10°12.315′. The surface water temperature was 14.0°C and the salinity was 13.6 PSU. On board of the F. S. ALKOR the first 5 cm of the sediment were wet sieved with Baltic seawater though a 125 μm sieve. The sediments were kept in a storage box, which was filled with seawater from the sampling site and stored at constant 20°C in the laboratory at the Geomar Helmholtz Centre for Ocean Research Kiel, Germany.



Preparation of Labeled Food Sources

Different types of food sources were used in culturing experiments. First, different algae (Chaetoceros calcitrans, Dunaliella tertiolecta, Isochrysis galbana, Leyanella arenaria, Nannochloropsis salina, and Phaeodactylum tricornutum) were offered to the foraminifera as freeze-dried algae or as fresh algae. The algae C. calcitrans, L. arenaria, and P. tricornutum are diatomophyceae, D. tertiolecta is a green alga, N. salina an Eustigmatophyte and I. galbana a Haptophyte. All algae, except of L. arenaria and D. tertiolecta are common in the Baltic Sea. These two algae (L. arenaria and D. tertiolecta) were also tested, because they are very common algae in feeding experiments and have been used several times with foraminifera (e.g., Lintner et al., 2021b). Further, dissolved inorganic compounds (CO32–, NH4+ or NO3–) as well as glucose were used as dissolved C or N sources. Throughout this manuscript we define the experiment with glucose as glucose feeding experiments. The experiments with algae are termed algal feeding experiments (fresh or dried algae).


- Dried algae: for this kind of food source the algae were incubated in a f/2 nutrient medium after Guillard and Ryther (1962). This medium was enriched with the isotopes 13C and 15N by adding 1.5 mmol L–1 NaH13CO3 and 0.44 mmol L–1 Na15NO3. The different algal cultures were kept at 20°C and a light/dark rhythm of 16:8 h and were harvested, when the culture showed a strong green or brown (depending on algae) color, indicating peak biomass. Thereafter the algal cultures were centrifuged at 800 × g for 10 min. Algal pellets were washed three times with sterile seawater and were centrifuged after each washing step. To produce an algal powder, the pellets were shock frozen in liquid nitrogen and afterward lyophilized for 3 days at 0.180 mbar. The dried algae were stored in a dark and dry place in order to retain a high food quality.

- Fresh algae: again, a f/2 nutrient medium after Guillard and Ryther (1962) was prepared and enriched as described above with 13C and 15N. 10 ml algal culture was added to 40 ml nutrient medium. These cultures were incubated at 20°C and a light/dark rhythm of 16:8 h for 3 weeks. After this time the algal cultures had their characteristic color (intense green or brown, depending on the algae) and were ready to be offered to foraminifera as fresh food source.

- Inorganic/organic compounds: the substances (Na13HCO3, 15NH4Cl, Na15NO3, and 13C labeled D-glucose) were added separately into sterile filtered seawater from the sampling site. Finally, a concentration of 0.1 mol L–1 H13CO32–, 15NH4+, 15NO3–, and 13C-glucose was established in separate crystallization dishes.





Culturing Experiments

In order to test the C and N uptake, three different culturing experiments were performed:


1) Feeding with dried algae

2) Feeding with fresh algae

3) Uptake of dissolved compounds



Total experimental duration was 15 days in total. At six different points in time (after 1, 3, 5, 7, 10, 15 days) foraminifera were harvested in triplicates: each triplicate consisted of a 250 ml crystallization dish filled with 250 ml sterile filtered seawater (pore size: 0.45 μm) from the sampling site, in which 20 foraminifera (C. selseyense > 150 μm) were placed. This way it was ensured that a final dry mass of cytoplasm between 1 and 2 mg could be obtained for each triplicate. For these experiments only foraminifera were used which were fully filled with brownish cytoplasm, indicating a healthy individual. All selected foraminifera were investigated using PAM (chlorophyll fluorescence imaging—Imaging PAM Microscopy Version—Walz GmbH) to clarify, that this specimen does not contain any kleptoplasts or photoactive chloroplasts before the experiments started. Between sampling of the foraminifera from the Baltic Sea and starting the experiments, maximum 2 days passed. At the end of the experiments all individuals showed the same intensive brownish color, which means that all individuals were alive during the whole experiment. Additionally, untreated (not fed) foraminifera (triplicate to each 20 specimens) were taken from the main culture to obtain the natural abundance of 13C and 15N.

Feeding with dried algae: 5 mg of lyophilized algal powder were added to the crystallization dishes for each of the 6 tested algal species. Each alga was added to separate dishes. Even after 15 days algal powder was present at the bottom of the dishes, indicating that there was enough food available during the whole experiment.

Feeding with fresh algae: 20 ml of each algal culture were added to the crystallization dishes for each of the 6 tested algal species. Each alga was added to separate dishes.

Uptake of dissolved compounds: for these experiments the above-described enriched sea water solution was used for culturing.

After adding the respective algae or organic/inorganic C or N source, the dishes were closed with a parafilm to avoid evaporation during the experimental period. The experiments were run in an incubator at 18°C and a light dark rhythm of 16:8 h. At the end of the experiments the foraminifera were removed from the crystallization dishes and were cleaned in a separate dish with sterile filtered seawater. We removed all adhering algal particles from the foraminifera to avoid biases in the isotopic measurements. After that the foraminifera were flush washed with distilled water to remove the saltwater and to avoid mass (weighing) errors due to evaporation salts. This part had to be done very quickly, in order to avoid lysing the cells and possibly having a loss of cytoplasmic C or N during this washing step. Further information is described and discussed in Lintner et al. (2020).

Afterward, foraminifera were transferred into tin capsules (Sn 99.9%, IVA Analysetechnik GmbH & Co. KG) and air dried for 3 days. Then 2 × 5 μl HCl (4%) were added to dissolve the calcite tests. Finally, the samples were dried for 3 days at 60°C and were weighed to the nearest hundredth of milligram. The measurement of foraminiferal and algal C and N content and their isotope ratios (13C:12C, 15N:14N) were carried out at the Stable Isotope Laboratory for Environmental Research (SILVER) at the University of Vienna. Therefore, an isotope ratio mass spectrometer (IRMS, DeltaPLUS) coupled by a ConFlo III interface to an elemental analyzer (EA 1110, all Thermo Finnigan) were used. The calculation of the incorporated amount of isotopically labeled C and N and the amount of phytodetrital C (= pC) and N (= pN) uptake is described in detail in Lintner et al. (2020). The amount of organic and inorganic C and N uptake (IC, IN) were calculated analogously.



Statistics

The main effects of food source and time on pC, pN and IC and IN as well as of dried vs. fresh algae and time on pC and pN were tested using analysis of variance (ANOVA, 95.0% confidence intervals, α = 0.05, all data following normal distribution following Shapiro Wilkins test), followed by Tukey HSD tests. The statistical tests were performed using Statgraphics Centurion XVI. Graphically, the data were plotted in x-y graphs or box blots, where the mean values are from n = 3 replicates, with 2σ error bars for the standard deviation.



RESULTS


Feeding With Dried Algae

Two-way ANOVA showed a highly significant difference between the C uptake of different algal food sources (p < 0.001), with time (p = 0.017), and their interaction (p < 0.001). Also, the N uptake was highly significant different between the used food sources (p < 0.001), time (p < 0.001) and their interaction (p < 0.001). A detailed description (results from the Tukey HSD test) of the various food sources is given in Appendix.

The C and N uptake of different food sources is shown in Figure 1. With time the food uptake differs significantly within one food source (e.g., uptake from N. salina was high at day 1 and 3, decreased sharply until day 10 and increased again until day 15). Such trends cannot be interpreted here, but it can be observed, that some algae are more preferable than others, because they show higher uptakes at every day of the experiment (e.g., uptake of P. tricornutum was always higher than of I. galbana). Considering C uptake of C. selseyense two algae (D. tertiolecta and I. galbana) were significantly (p < 0.001) less preferred than the others. This trend can be seen during the whole experiment (day 1 up to day 15). In contrast, the N uptake from a diet with D. tertiolecta was highest, the longer the experiment was run. Nitrogen uptake from different food sources was already significantly different after day 1 (p = 0.041). After day 5, the uptake of N was lower from a diet with N. salina or L. arenaria in comparison to other algae. For longer durations (>7 days) N uptake was highest (p < 0.001) from a diet of D. tertiolecta or P. tricornutum.


[image: image]

FIGURE 1. C and N uptake of different food sources (dried algae) by C. selseyense. The datapoints are calculated from n = 3 replicates and the error bars indicate the standard deviation.




Feeding With Fresh Algae

For a fresh algal diet C uptake was significantly different, when considering time (p = 0.003) and food source as factors (p < 0.001). Nitrogen uptake showed a similar pattern, with significant effects of time (p = 0.02) and food source (p < 0.001). These experiments were run for 1 and 3 days, after that time the isotopic value of the algae changes too much and it is not further possible to measure reliably the uptake of food.

The C uptake from a diet of fresh algae (Figure 2) after 1 day were highest for C. calcitrans and lowest for I. galbana. After 3 days the highest C uptake was observed again from a diet of C. calcitrans and the second highest from a diet of L. arenaria. The lowest C uptake after 3 days was again from a diet of D. tertiolecta and I. galbana. Nitrogen uptake (Figure 2) after 1 day was highest from a diet of C. calcitrans and D. tertiolecta. After 3 days the N uptake pattern was quite similar to the pattern of C uptake. The highest amount of N was taken up from a diet of C. calcitrans and L. arenaria.
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FIGURE 2. C and N uptake of different food sources (fresh algae) by C. selseyense. The datapoints are calculated from n = 3 replicates and the error bars indicate the standard deviation.




Feeding Preferences for Dried vs. Fresh Algae

Three-way ANOVA for the effects of algal species, condition (dried vs. fresh algae) and time (1 and days), including their interactions showed the following: The carbon uptake depends significantly on tested algal species (p < 0.001) and time (p < 0.001) but not on condition (dried vs. fresh algae) (p = 0.596). When comparing C uptake (Figure 3A) after 1 day, we found a higher C uptake of fresh vs. dried algae when foraminifera were fed with C. calcitrans (p = 0.017), while foraminifera preferred dried algae over fresh algae when fed with L. arenaria (p = 0.044) or N. salina (p = 0.002) at this time point, and for other tested algae showed no preference. After 3 days the C uptake pattern changed (Figure 3B). Again, a fresh algal diet of C. calcitrans (p = 0.051) and D. tertiolecta (p = 0.102) was preferred, although uptake of D. tertiolecta was generally very low, while dried algal diet was only preferred when fed with N. salina (p = 0.034).


[image: image]

FIGURE 3. C and N uptake of dried and fresh algal food sources by C. selseyense. The letters on x-axis are representing: C, Chaetoceros calcitrans; D, Dunaliella tertiolecta; I, Isochrysis galbana; L, Leyanella arenaria; N, Nannochloropsis salina; P, Phaeodactylum tricornutum. The datapoints were calculated from n = 3 replicates and the error bars indicate the standard deviation. The box plots (A,C) represent the uptake of C and N after 1 day, (B,D) show the uptake after 3 days.


In contrast, nitrogen uptake was significant different in algal species (p = 0.001), time (p = 0.008) and condition (p = 0.003). When comparing N uptake, N uptake of fresh algae (Figure 3C) was significantly higher from a diet of C. calcitrans or D. tertiolecta (p = 0.042), while dried algae were only preferred from N. salina. After 3 days (Figure 3D) a higher N uptake was observed from a diet of fresh C. calictrans, I. galbana, and L. arenaria (p = 0.034), while dried algae were not preferred from any other algal species.



Uptake of Organic or Inorganic Compounds

For these experiments only dissolved compounds were added into the seawater (no algae) and therefore, we calculated the incorporated amount of isotopically labeled carbon or nitrogen. The statistical evaluation showed for all tested compounds (13CO32–, 15NH4+, 15NO3–, and 13C via glucose) that C and N uptake increased significantly (p < 0.001) with time.

The C uptake via CO32– was very low until day 7, but after day 7 the uptake increased very fast (Figure 4). The incorporated amount of C from glucose showed a more stepwise pattern. At day 1 and 3 the incorporated amount was very low, then increased sharply and showed a steady state from day 5 to day 10, when it again strongly increased until day 15.
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FIGURE 4. Incorporated amount of 15N or 13C from bicarbonate, glucose, ammonium and nitrate over time. The datapoints were calculated from n = 3 replicates and the error bars indicate the standard deviation.


Two-way ANOVA showed a highly significant (p < 0.001) difference of the N uptake from different inorganic N sources. A multiple range test (Tukey HSD test) confirmed this statement and divided the N uptake from 15NH4+ to 15NO3– into two different homogeneous groups (Figure 4). Uptake of N from NH4+ was generally higher (p < 0.001) during the whole experiment compared to N uptake from NO3–. The N uptake from NO3– was very low, but increased after 10 days. In contrast, N uptake from NH4+ increased steadily (polynomially) with time (r2 = 0.98; Figure 5).
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FIGURE 5. Correlation analysis between N uptake of NH4+ and time. The continuous line represents the generated data of this study, whereas the dotted line represents the ideally calculated trend line.




DISCUSSION


Preference for Different Algal Species as Food Source

Foraminifera feed on phytodetritus and prefer microhabitats where they can find their optimal food source (Linke and Lutze, 1993). Our results show that the food uptake of C. selseyense strongly depends on the offered food source (Figure 1). Chaetoceros calcitrans is a marine diatom occurring naturally in the Baltic Sea (Tantanasarit et al., 2012). The uptake (based on pC) of these algae by C. selseyense was intermediate in a dried form, in comparison to other offered algae. On the other hand, C. selseyense preferred this species in a fresh algal diet. A possible explanation could be the presence of exopolymer particles, which are produced by C. calcitrans (Corzo et al., 2000) and which may get lost during the lyophilization process. For the other here tested algal species it is not clear, if they also are able to produce exopolymer particles. These particles are generally highly abundant in the ocean and can be used as an additional food source for many organisms (e.g., Shimeta, 1993). Additionally, C. calcitrans is well known for containing a high amount of cellular carbohydrates (Myklestad and Haug, 1972), which provide foraminifera a high energy feed source.

Dunaliella tertiolecta, a green alga, has often been used in past feeding experiments with foraminifera (e.g., Lintner et al., 2020), but does not naturally occur in the Baltic Sea. Previous experiments showed that D. tertiolecta was a preferred food source for Ammonia tepida (Lee et al., 1961), which is also a common species in the Baltic Sea. This observation coincides with that of Lee et al. (1961) who found that the green algae D. parva especially stimulates the pseudopodal activity A. tepida. In parallel the uptake of D. tertiolecta by Haynesina germanica was tested, which is a closely related species to C. selseyense (Correia and Lee, 2000). It was shown that these algae were also not a preferred food source for H. germanica. Based on the results from our study here we can assume that D. tertiolecta is also not a preferred food source for C. selseyense. Especially a fresh D. tertiolecta diet was not favored in contrast to that of other offered algae. To analyze the food uptake of C. selseyense at different salt concentrations we also offered D. tertiolecta (also 5 mg freeze-dried algae per dish) in past experiments as a food source and observed a C uptake between 0.04 and 0.1 μg/mg and an N uptake of 0.02–0.06 μg/mg after 15 days (Lintner et al., 2021b). In the study here we observe a C uptake of approximately 0.02 μg/mg and an N uptake of 0.01–0.05 μg/mg. Nitrogen incorporation was relatively similar in these two studies, but C uptake differs strongly. A possible explanation could be the seasonal lifestyle of the foraminifera. In the study of Lintner et al. (2021b) the foraminifera were collected in autumn, whereas the foraminifera in this study were collected in summer. The seasonality of foraminiferal activity in combination with a phytodetrital pulse has been often discussed in literature (e.g., Kitazato et al., 2000). In this study, the population rate of benthic foraminifera was strongly correlated to the deposition of phytodetritus 2 weeks after the phytoplankton bloom which triggers a high reproduction of shallow infaunal taxa (Kitazato et al., 2000).

Isochrysis galbana is a Haptophyte, which occurs naturally in the Baltic Sea (Kaiser et al., 2017). In our experiments I. galbana was definitively not a preferred food source for C. selseyense. A possible explanation could be that I. galbana contains high amounts of fucoxanthine (Kim et al., 2012), which might negatively affect the health of the foraminifera in higher concentrations, but further studies are necessary to clarify this aspect.

Leyanella arenaria is a benthic diatom (Muylaert and Sabbe, 1999) and was an intermediately preferred food source if offered as dried algae. But offered to the foraminifera as a fresh algal diet it was one of the more favorite food sources of C. selseyense. This is a quite important result as it shows again that the difference in preference of the same food source depends on the freshness and quality, as in other studies (Lintner et al., 2021b) no significant differences in the food uptake from L. arenaria and D. tertiolecta in a dried form were detected. In our study here, significant differences between the food uptake concerning the tow algal species L. arenaria and D. tertiolecta were observed (Figure 3). Finally, it should be noted that L. arenaria is predominantly found on sandy sediments and is not common in silty sediments like at the sampling sites of the Baltic Sea (Sabbe et al., 2010). This suggests that L. arenaria is not a common and often available food source in the natural habitat of C. selseyense.

Nannochloropsis salina occurs naturally in the Baltic Sea and showed a high food potential for C. selseyense as an effective carbon source, but considerably lower quality as a nitrogen source (Figure 1). This alga was the only one which was preferred as dried diet during all experiments (Figure 3). Nannochloropsis salina is quite commonly used in the industry due to the capacity to produce high amounts of fatty acids (Van Wagenen et al., 2012). This content of fatty acids can explain the strong difference between the carbon and nitrogen uptake of the foraminifera, as fatty acids contain much more C than N in their molecular structure.

Phaeodactylum tricornutum is a diatom and occurs naturally in the Baltic Sea (Siedlewicz et al., 2020). This alga is not one of the preferred food sources of C. selseyense. The fresh algal diet was slightly more preferred at the first day, when dried algal diet uptake was lower. With increasing incubation time, the dried variant was becoming more preferred by the foraminifera.

Finally, it can be stated that the foraminifera C. selseyense prefers generally diatom algae in a dried form (C. calcitrans, L. arenaria and P. tricornutum) for carbon uptake, but also N. salina. For N uptake from dried algae, the green algae D. tertiolecta and P. tricornutum were the preferred food sources. in fresh algal diets the algae C. calcitrans and I. galbana were preferred, especially for longer-term (here 3 days) incubations. This shows the important time aspect of feeding and metabolic activity of foraminifera. Accordingly, not all algae were equally good carbon or nitrogen sources. Focusing on the nitrogen uptake of foraminifera, algae like D. tertiolecta or P. tricornutum were more suitable than others. Contrary, for carbon nutrition, D. tertiolecta would be a bad choice for this foraminifera and other food sources such as P. tricornutum, I. galbana or N. salina would be more suitable.



Uptake of Dissolved Nitrogen or Carbon

While at the moment quite a lot is known about the heterotrophic lifestyle of foraminifera (e.g., Moodley et al., 2000), the aspect of inorganic nitrogen assimilation is not that clear. Some studies investigated the ability of foraminifera to store or assimilate nitrate in their kleptoplasts (LeKieffre et al., 2018). Our study here suggests a totally new aspect, because the tested foraminifer C. selseyense contains neither kleptoplasts nor photosynthetic symbionts. Therefore, the question arises how this kind of foraminifera is able to use inorganic nitrogen or carbon. During our experiments we observed that C. selseyense had a significantly higher N incorporation of NH4+ as N source compared to NO3–. Other studies showed that the ability to store nitrogen or to assimilate ammonium may be coupled to the presence of kleptoplasts (Jauffrais et al., 2019). Nitrogen uptake via nitrate could be an artifact from contaminating bacteria inside the foraminifera (LeKieffre et al., 2020). LeKieffre et al. (2020) observed structures (prokaryote-like vesicles) in the foraminiferal cell, which were highly enriched with 15N in contrast to the foraminiferal cytoplasm. This could explain the highly different N uptake in our experiments. Another aspect deals with the presence of kleptoplasts in some foraminifera. The here investigated foraminifera does not contain any photosynthetic active kleptoplasts (examined with PAM—fluorometry). Past observations of inorganic N uptake by foraminifera which contain kleptoplasts could lead to the hypotheses, that the uptake of NO3– from the here testes foraminifera could also result from sequestered chloroplasts, which are not photosynthetic active (Grzymski et al., 2002), but further studies are necessary to clarify this aspect at C. selseyense. In contrast to nitrate, ammonium contains “bioavailable nitrogen,” which can be subsequently used by endosymbiotic bacteria (Prokopenko et al., 2013), which are often assumed to be present in foraminifera (e.g., Buck and Bernhard, 2001; Tsuchiya et al., 2015; LeKieffre et al., 2020). Based on our study it looks like N originating from nitrate would not be an acceptable N source for C. selseyense. Some species of foraminifera are able to use NO3– as an alternative electron acceptor in oxygen depleted zones (Glock et al., 2019). Interestingly, foraminifera which live under oxic conditions produce special intracellular proteins, if they are transferred to an anoxic environment (Orsi et al., 2020). This protein synthesis causes a higher nitrogen demand, which may explain that ammonium would be taken up at high rates, when foraminifera are stressed (in our study here the ammonium uptake followed an exponential model). This pattern of course can also be produced just because of N diffusion into the foraminiferal cytoplasm. However, the possibility for benthic foraminifera to use eucaryotic denitrification pathways in oxygen depleted areas is even genetically determined (Woehle et al., 2018). To clarify this aspect for C. selseyense more investigations are necessary, because the here investigated nitrogen uptake was always tested at normal oxygen conditions. to date, it is, however, known that foraminifera without kleptoplasts or symbionts are also able to incorporate inorganic nitrogen into their cells and eventually utilize them as a nitrogen source. Bird et al. (2020) observed that also Ammonia sp., a non-kleptoplast bearing foraminifer, is able to use inorganic nitrogen from ammonium for growth. They also pointed out that Ammonia sp. is not able to assimilate C from bicarbonate. In our study we could show that C. selseyense is able to incorporate C from bicarbonate (carbonate) into their cytoplasm. Since we dissolved the calcite test and only measured the incorporated C in the cytoplasm, we can assume that these foraminifera are able to actively incorporate (bi) carbonate into their cells. The studied foraminifera from Bird et al. (2020) were incubated only very short (for a maximum of 20 h), which led to no enrichment of 13C. Our experiments showed a similar pattern, with minor incorporation until day 7, followed by a strong increase in inorganic C uptake. At this point one aspect should be discussed concerning the inorganic C uptake from foraminifera. In this study we of course used a sterile setup as much as possible, but contamination with bacteria cannot be excluded, since they are inside the cytoplasm of foraminifera or in their test. There existing literature, which showed that Elphidium have bacterial symbionts (Salonen et al., 2019) which can probably also lead to an enrichment of the C inside the foraminifera. Transmission electron microscopic or NanoSIMS (Nanoscale secondary ion mass spectrometry) studies would help to elucidate inorganic C uptake and allocation in the foraminifer C. selseyense and its time kinetics. Also, uptake of nitrate as a nitrogen source increased only after day 7. This implies that C. selseyense may change its metabolism after a 1-week starving period (only inorganic compounds, but no organic food source was offered), which allows them to use also bicarbonate or nitrate as C or N source.

The capacity of foraminifera to take up and metabolize dissolved glucose is widely known (DeLaca et al., 1981). Foraminifera take up dissolved organic matter though they are classified as suspended particle feeders (DeLaca et al., 1981). In our experiments we could observe that also C. selseyense is able to utilize dissolved organic carbon. Goldstein (2003) postulated that glucose and also amino acids are taken up by foraminifera and are rapidly metabolized. Our experiments show that this aspect should be considered more carefully. The uptake of glucose was very low in the first 3 days. This can be an artifact for several reasons. One possible explanation could be that the foraminifera were saturated at the beginning of the experiment. However, this is contradicted by our observation that the foraminifera started feeding on algal diets almost immediately, causing detectable isotope enrichment at day 1. It is also possible that during the experiment bacteria growing inside the dishes became isotopically labeled, which can be digested by the foraminifera. Another point could be that the foraminifera were in a steady state and reduced their metabolism strongly, after placing them from the natural habitat to the crystallization dishes. Nevertheless, after 3 days the uptake of glucose increased rapidly, and then stagnated again (Figure 4). This would underline the theory that foraminifera have steady states where they have a reduced activity. At day 10 the amount of incorporated C increased sharply again, which would further confirm the steady state theory. Some foraminifera are able to produce cysts (formation of a rigid cell wall around their cytoplasm), which they can use for several things like filter-feeding structures or reproduction (e.g., Alexander and DeLaca, 1987). Cyst building can also be observed in laboratory experiments (Heinz et al., 2005), and it has been assumed that during cyst formation the metabolic activity of foraminifera is decreased (Cedhagen, 1996). This coincidences with our steady state theory, whereas our tested foraminifera were incubated without sediment and no cyst formation could be observed. Summarizing, C. selseyense showed a strongly time dependent uptake of dissolved organic matter (here glucose). It seems, that after the uptake of a higher amount of dissolved organic matter the foraminifera fall into a steady state between 3 and 7 days, where they reduce their metabolism.



CONCLUSION

For this study the food preference of C. selseyense was tested with 6 different algae. Since the uptake of C and N is strongly dependent on the offered food source, the choice of algae also depends strongly on the research question (examining C or N uptake). The following trends can be derived from the results, which will help to use the optimal food source for future feeding experiments: If algae were offered as a powder, the highest C uptakes can be expected with C. calcitrans, L. arenaria, N. salina and P. tricornutum, whereas D. tertiolecta and I. galbana showed lower C uptakes. In contrast, highest N uptakes were recorded for D. tertiolecta and P. tricornutum. Uptakes by L. arenaria, I. galbana, N. salina and C. calcitrans showed lower values. If algae are offered in fresh form, no clear trend can be recognized after 1 day of feeding. After 3 days, however, a clear preference for C. calcitrans can be observed, as well as a slightly preference for L. arenaria. In any case, it turns out that C. selseyense has a tendency to consume diatoms more than other algae.

On the other hand, the absorption of dissolved organic and inorganic components shows clear preferences. It could be shown that the glucose uptake does not take place uniformly, which also applies to bicarbonate and nitrate. For further studies, ammonium is the best choice, as the uptake can be described with a clearly defined functional equation and this is valid for the entire experimental process.
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Appendix


TABLE A1. Statistical evaluation (algae classified based on multiple range test—Tukey HSD test) of the feeding preference for different dried algal species.
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TABLE A2. Statistical evaluation of the fresh vs. powder algae feeding experiments. Significant values are in bold.
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