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Influence of the Calcium Carbonate Shell of Coccolithophores on Ingestion and Growth of a Dinoflagellate Predator
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Coccolithophores are an important group of ∼200 marine phytoplankton species which cover themselves with a calcium carbonate shell called “coccosphere.” Coccolithophores are ecologically and biogeochemically important but the reason why they calcify remains elusive. One key function may be that the coccosphere offers protection against microzooplankton predation, which is one of the main causes of phytoplankton death in the ocean. Here, we investigated the effect of the coccosphere on ingestion and growth of the heterotrophic dinoflagellate Oxyrrhis marina. Calcified and decalcified cells of the coccolithophore species Emiliania huxleyi, Pleurochrysis carterae, and Gephyrocapsa oceanica were offered separately to the predator as well as in an initial ∼1:1 mixture. The decrease of the prey concentrations and predator abundances were monitored over a period of 48–72 h. We found that O. marina did not actively select against calcified cells, but rather showed a size selective feeding behavior. Thus, the coccosphere does not provide a direct protection against grazing by O. marina. However, O. marina showed slower growth when calcified coccolithophores were fed. This could be due to reduced digestion rates of calcified cells and/or increased swimming efforts when ballasted with heavy calcium carbonate. Furthermore, we show that the coccosphere reduces the ingestion capacity simply by occupying much of the intracellular space of the predator. We speculate that the slower growth of the grazer when feeding on calcified cells is of limited benefit to the coccolithophore population because other co-occurring phytoplankton species within the community that do not invest energy in the formation of a calcite shell could also benefit from the reduced growth of the predators. Altogether, these new insights constitute a step forward in our understanding of the ecological relevance of calcification in coccolithophores.
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INTRODUCTION

Coccolithophores are single-celled phytoplankton that produce small calcium carbonate (CaCO3) scales (coccoliths) which cover the cell surface in the form of a spherical coating, called coccosphere. They have been an integral part of marine plankton communities since the Jurassic (Bown et al., 2004; Hay, 2004). Today, coccolithophores contribute ∼1–10% to primary production in the surface ocean (Poulton et al., 2007) and ∼50% to pelagic CaCO3 sediments (Broecker and Clark, 2009). Their calcareous shell increases the sinking velocity of photosynthetically fixed CO2 into the deep ocean by ballasting organic matter (Klaas and Archer, 2002; Honjo et al., 2008). At the same time, the biogenic precipitation of calcium carbonate during coccolith formation reduces the total alkalinity of seawater and releases CO2 (Frankignoulle et al., 1994; Rost and Riebesell, 2004). Thus, coccolithophores play an important role in the marine carbon cycle by influencing the efficiency of the biological carbon pump and the oceanic uptake of atmospheric CO2.

There are about 200 extant coccolithophore species in the oceans (Young et al., 2005). It is currently not known why coccolithophores calcify and how their ability to produce coccoliths is associated with their ecological success (Young, 1987, 1994; Raven and Crawfurd, 2012; Monteiro et al., 2016; Müller, 2019). The most plausible benefit of having a coccosphere seems to be a protection against predators or viruses (Hamm and Smetacek, 2007; Monteiro et al., 2016). Viral infection is an important cause of phytoplankton death in the oceans (Brussaard, 2004), and it has recently been shown that calcification can influence the interaction between a coccolithophore and its virus (Johns et al., 2019; Haunost et al., 2020). The major predators of marine phytoplankton are microzooplankton like ciliates and dinoflagellates. These are estimated to consume about two-thirds of the primary production in the ocean (Calbet and Landry, 2004) and microzooplankton can exert a strong grazing pressure on coccolithophore populations (Mayers et al., 2019). Although calcification does not prevent predation, it has been argued that the coccosphere reduces the grazing efficiency by making it more difficult for the predator to utilize the organic content of coccolithophores (Young, 1994). Heterotrophic protists are able to selectively choose prey on the basis of its size or shape and through chemical signals (Tillmann, 2004; Breckels et al., 2011) and may thus favor other prey that is available and not protected by coccoliths.

Currently, the evidence supporting or refuting a protective function of the coccosphere against predation is limited. Fileman et al. (2002) and Olson and Strom (2002) found that overall microzooplankton predation rates were reduced during blooms of the coccolithophore Emiliania huxleyi. In contrast, Mayers et al. (2019) found high microzooplankton grazing rates on natural coccolithophore communities. Recently, Mayers et al. (2020) showed that in situ ingestion rates of microzooplankton on E. huxleyi did not differ significantly from those on similar sized non-calcifying phytoplankton. In laboratory experiments the heterotrophic dinoflagellate Oxyrrhis marina preferred calcified over non-calcified cells of E. huxleyi, which was hypothesized to be due to size selective feeding behavior, since calcified cells are larger than non-calcified E. huxleyi (Hansen et al., 1996). Harvey et al. (2015) investigated predation by the dinoflagellate O. marina on different genotypes of non-calcifying E. huxleyi as well as calcified strains that differed in the degree of calcification. They found that the ingestion rate of O. marina was dependent on the genotype of E. huxleyi that was offered, rather than on their degree of calcification. In the same study, however, the authors found that predators which preyed on non-calcifying genotypes grew faster than those fed with calcified cells (Harvey et al., 2015). Strom et al. (2018) compared predation rates of the dinoflagellate Amphidinium longum on calcified relative to naked E. huxleyi prey and found no evidence that the coccosphere prevents ingestion by the grazer. Instead, ingestion rates were dependent on the offered genotype of E. huxleyi (Strom et al., 2018). Altogether, these two studies suggest that the genotype has a strong influence on ingestion by the microzooplankton species, but if and how calcification protects coccolithophores from microzooplankton predation could not be fully clarified.

In this study, we build upon these previous findings and expand the investigation of grazing protection of the coccosphere (which was so far focused on E. huxleyi) on two additional coccolithophore species (Gephyrocapsa oceanica, Pleurochrysis carterae) using the model species Oxyrrhis marina. Furthermore, we developed a protocol that enabled us to compare grazing rates on calcified, and de-calcified clones of the exact same genotypes for 2–3 days (as opposed to previous bioassays which were restricted to either ∼30 min or the use of different genotypes). We tested whether calcification (1) reduces prey ingestion rates, (2) influences the coccolithophore prey selection of O. marina, (3) affects O. marina growth post prey ingestion.



MATERIALS AND METHODS


The Model Organism O. marina

O. marina is a globally distributed heterotrophic dinoflagellate that inhabits coastal and shallow waters (Watts et al., 2011). It occurs in coastal habitats as well as intertidal pools and is a comparably well characterized model organism to study the trades of marine protozoa (Montagnes et al., 2011). O. marina is 20–30 μm in length (Lowe et al., 2011) and moves fast (90–179 μm s–1) (Boakes et al., 2011). It feeds by phagocytosis and is able to engulf encountered prey items within <15 s (Öpik and Flynn, 1989; Höhfeld and Melkonian, 1998). We used this model organism because it is easy to keep in culture and can be raised to high concentrations. The ingestion rate of O. marina increases with increasing prey density and maximizes under sufficient food concentrations, when the ingestion rate is limited by the predators capability to process the food (Type II functional response) (Roberts et al., 2011).



Basic Culturing Conditions of O. marina and Prey Algae

A starting culture of O. marina (SAG 21.89) was kindly provided by Dr. Urban Tillmann (Alfred Wegener Institute, Bremerhaven). The dinoflagellates were fed with Rhodomonas baltica. The cryptophyte R. baltica as well as the coccolithophore species were cultured under the same basic conditions: Sterile filtered artificial seawater (Kester et al., 1967) was enriched with 256 μmol kg–1 NaNO3, 16 μmol kg–1 NaH2PO4, 10 nmol kg–1 SeO2, vitamins and trace metals according to the f/2 medium (Guillard and Ryther, 1962) and 2 mL kg–1 of natural North Sea water (autoclaved and 0.2 μm filtered) to prevent potential limitation by other micronutrients that are not included in the f/2 receipt (Bach et al., 2011). Algal cultures were raised in a 12:12 h light-dark cycle with a photon flux density of 230 μmol photons m–2 s–1 (measured with a LI-COR LI-250A light meter) at 18°C. O. marina was inoculated into a growing culture of R. baltica and raised for a couple of days until high cell concentrations could be observed with the naked eye (The dinoflagellate cells appear in veil-like formations). Thereupon, the culture was placed dark at 18°C until all cells of R. baltica were eaten up, which was determined by flow cytometry (as described further below). The culture was further kept dark for about one week to starve the dinoflagellates. The concentration of starved cells was determined by flow cytometry. In this way, O. marina was raised to concentrations of ∼10 × 103 cells mL–1.



Experimental Design

The coccolithophores E. huxleyi (B92/11), G. oceanica (RCC 1303) and P. carterae (unknown strain number) were grown separately in a large volume (5 L) of medium and raised to high cell densities for the 3 predation experiments (∼275 × 103 E. huxleyi cells mL–1, ∼220 × 103 P. carterae mL–1, ∼130 × 103 G. oceanica mL–1), in order to have a certain margin for the dilution steps that followed later, when the concentrations between the treatments were adjusted and the grazer cultures was added (described below) (Figure 1). Thereupon, the coccolithophore cultures were incubated in the dark for 36 h to stop the growth of the cells. The first 12 h of the dark incubation corresponded to the regular 12-h night cycle during which cell division took place. The goal of the subsequent 24 h of darkness was to deplete the energy reserves of the coccolithophore cells through respiration, in order to reduce the ability of the cells to build a new layer of coccoliths in the dark after the decalcification treatment was completed. All further steps during the dark incubation were conducted under low light conditions (<0.01 μmol photons m–2 s–1) to keep energy inputs via photosynthesis at a minimum during handling.
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FIGURE 1. Overview of key steps for preparing each experiment. The coccolithophore cultures were raised to high cell concentrations in a 12:12 hour light-dark cycle followed by a dark incubation of 36 h to terminate growth. The culture was split and decalcified, thereafter treatments (calcified, decalcified and mixed) with approximately equal cell concentrations were prepared. Each experiment started with the addition of the predator. The treatment combinations used in the experiments are highlighted in the red box.


After 36 h in the dark we conducted the “decalcification step,” which was done with half of the population to remove the coccosphere of the treated cells (Figure 1). The large culture was split into two smaller bottles (2.3 L), one of which was treated with acid and base to remove the coccoliths. We added 2.5 mL 1M hydrochloric acid (HCl) L–1 to the cultures of E. huxleyi and P. carterae to dissolve the coccospheres. The cells of G. oceanica were decalcified by adding 3 mL of 1M HCl L–1 because this species is more heavily calcified. After the addition of the acid, the culture bottle was mixed for 1 min. Previous testing showed that the pH decreased to 4.3 during the brief acidification treatment. After this minute, the pH was brought back to the value before the acid addition by adding 1M sodium hydroxide (NaOH) solution. The bottles were rotated for 5 min to ensure that all flocculation from the addition of NaOH was dissolved. The decalcification procedure was conducted with a large culture volume (2.3 L) to keep the headspace at a minimum relative to the volume of the culture. In this way a potential degassing of CO2 during the low pH/high pCO2 period into the headspace of the volume was minimized. We tested this procedure in previous experiments to work out an appropriate volume of acid to be added to the cultures, which ensured the complete removal of the coccoliths (evaluated by microscopy) while keeping the decline of cell abundances at a minimum. However, cell concentrations always decreased to some extent due to the addition of the HCl and NaOH (by 6% for E. huxleyi, 18% for P. carterae, 7% for G. oceanica, of the target concentrations reported above). This was likely due to the contact with the highly concentrated acid and base at the time these were added. After the initial loss, the cell concentrations remained stable, which was determined by repeated flow cytometry measurements (as described below) over a period of 1 h. As the last step, the second (untreated) bottle with the calcified cells was diluted to an approximately equal concentration as in the acid-base treated bottles with 0.2 μm filtered artificial seawater. This facilitated the subsequent subdivision of both cultures into the replicate bottles of the individual treatments.

The content of both bottles containing either calcified or decalcified coccolithophores was split into eight replicate bottles (250 mL), respectively (Figure 1). Additionally, we established a mixed treatment by adding both, decalcified and calcified cells in a ∼ 1:1 mixture into eight replicate bottles. Thus, overall, we had a “decalcified” a “calcified” and a “mixed” treatment. Thereafter, an equal amount of the O. marina culture was added to the replicate bottles, some of which, however, were diluted with the same amount of 0.2 μm filtered artificial seawater instead and served as controls, to monitor the coccolithophore concentrations in the absence of the grazer. We took great care to keep the O. marina culture in a homogenous suspension during the addition by repeated mixing. All 8 bottles were mounted on a plankton wheel to prevent sedimentation of the algae. The experiments took place in complete darkness to minimize re-calcification of the decalcified cells and to prevent growth of the prey algae. Prey and predator abundances were sampled regularly, whereby the sampling took place under low light conditions as described above (Figure 1).



Enumeration of Prey and Predator Abundances

The coccolithophore concentrations were measured with a flow cytometer (Accuri C6, Becton Dickinson) at a flow rate of 66 μL min–1 from 1 mL subsamples that were taken from the replicate bottles and transferred into Eppendorf tubes. The coccolithophore population was identified based on the chlorophyll fluorescence signal (FL-3) versus the forward-scatter signal (FSC) using the BD Accuri C6 Software. Calcified cells scatter more light at right angles than decalcified cells so that both could be distinguished on the basis of their side-scatter signal (SSC) (Olson et al., 1989).

To enumerate the concentrations of O. marina, we took 20 mL subsamples, which were fixed with Lugol’s iodine (1% final concentration). In the experiment that was conducted with E. huxleyi the cell number of O. marina was counted with an inverted microscope (Zeiss Axiovert 100) using 10 mL Utermoehl sedimentation chambers. The numbers of O. marina in the experiments with G. oceanica and P. carterae were counted with Sedgewick counting chambers using a light microscope (Carl Zeiss).



Microscopic Observations

The cell size of the calcified and decalcified coccolithophores was measured via microscopy before the start of the experiment. 3.5 mL subsamples were taken from the initial cultures with calcified or decalcified cells before they were further split into the replicates. Subsamples were transferred onto slides for an inverted microscope (Zeiss Axiovert 100). Images were taken under 400-fold magnification with an Axiocam 105 color and cell diameters were measured with help of the ZEN 3.0 lite software (blue edition) (Carl Zeiss Microscopy GmbH). In addition, 3.5 mL subsamples were taken from single replicates that contained O. marina and either calcified or decalcified coccolithophores after 24, and 72 h, in order to observe grazer and prey interactions.



Data Analysis

The diameter of 20 calcified and decalcified cells of each species was determined and tested for significant differences in mean diameter with a Welch’s unequal variances t-test. The counts of O. marina between the start (5 h after the start in case of the E. huxleyi experiment) and end of each experiment were used to calculate growth rates of O. marina for each replicate: μ = (ln(xt)-ln(xt0))/(t-t0), where x = concentration of O. marina, t = time (in days). Differences in mean growth rates between the treatments were compared using an ANOVA. Data were tested for normal distribution and homogeneity of variances using Shapiro-Wilk and Levene’s tests, respectively. In case the null hypothesis of the ANOVA (mean growth rates are equal) was rejected (p < 0.05), a Tukey’s HSD test was used to compare the mean growth rates between treatments. Ingestion rates were calculated by dividing the difference in the prey cell concentration by the average predator concentration for a certain time interval, with the average predator concentration [image: image] = (xt – xt0)/(ln(xt) – ln(xt0)) (Heinbokel, 1978).

Predation preferences of O. marina on calcified vs. decalcified coccolithophores within the mixed treatments were analyzed using the Chesson’s index α for depleting food densities (Manly et al., 1972; Chesson, 1983):

[image: image]

where n = cell concentration, i = ingested cells, and t = time. The index ranges from 0 to 1 and was calculated for every replicate. With only two prey types present, a value of α = 0.5 implies no preference for one of the two prey types and α < > 0.5 denotes that more cells of the respective type were consumed. A significant deviation of the mean α from 0.5 was tested with a Student’s t-test. Statistics were done using R 3.6.1 (R Core Team, 2019), and the packages car (Fox and Weisberg, 2019), and multcomp (Hothorn et al., 2008). Graphs were done with ggplot2 (Wickham, 2016).




RESULTS AND DISCUSSION

In the controls without predator, the concentrations of decalcified and calcified cells of all three coccolithophore species remained stable during the prolonged darkness (Figures 2A–C). Thus, the decrease of coccolithophores observed in the treatments where they were exposed to O. marina (Figures 2D–F) was mainly due to predation. In all three experiments, the decalcified coccolithophores were consumed considerably faster than the calcified cells.
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FIGURE 2. Concentrations (mean ± SD) of E. huxleyi (A,D), P. carterae (B,E), G. oceanica (C,F) in the treatments without (A–C) and with (D–F) predators. Concentrations (mean ± SD) of O. marina in the respective treatments with E. huxleyi (G), P. carterae (H), G. oceanica (I). Blue symbols = calcified, red = decalcified, gray = sum of calcified and decalcified cells in the mixed treatment.


The numbers of decalcified E. huxleyi decreased sharply within 12 h (Figure 2D) and fell below sufficient concentrations to maintain feeding saturation of the predator cells (see also Supplementary Figure 1), so that the ingestion rate of O. marina was limited by the supply of food (whereas under feeding saturation it is thought that the ingestion rate is limited by the predator’s capability to ingest and digest the prey items). The majority of the decalcified P. carterae was eaten up after 24 h (Figure 2E). The G. oceanica experiment was thereupon conducted with a higher prey to predator ratio, which ensured food supply for a longer period, so that the experiment could be continued for 72 h. The gray data points in Figure 2 represent the sum of both, calcified and decalcified cells within the mixed treatments. The total concentrations (calcified + decalcified) always showed an intermediate decline compared to the treatments that contained either calcified or decalcified cells only. In each experiment, O. marina showed a higher increase in abundance when decalcified coccolithophores were fed, compared to the treatments that contained calcified cells only (Figures 2G–I). The predator concentrations in the mixed treatments were located in between those of the other two, and were closer to the predator concentrations in the decalcified treatment in the experiments with E. huxleyi and P. carterae, but rather in the middle, or even closer to the concentrations in the calcified treatment in the G. oceanica experiment (Figures 2G–I).

In the E. huxleyi experiment, O. marina reached a mean growth rate of −0.046 ± 0.118 (SD) day–1 in the calcified treatment, 0.248 ± 0.148 (SD) d–1 in the decalcified, and 0.175 ± 0.078 (SD) d–1 in the mixed treatment. The effect of the treatment on growth of O. marina was significant [F (2,9) = 6.648, p = 0.0169], and the Tukey HSD test revealed that the growth rate was significantly higher in the decalcified treatment, compared to the calcified (p = 0.0164), but did not differ from the mixed treatment (p = 0.6735). Furthermore, the mean growth rate of the predators did not differ significantly between the calcified and mixed treatment (p = 0.0640).

In the P. carterae experiment, O. marina grew with a mean rate of 0.131 ± 0.108 (SD) d–1 in the calcified, 0.251 ± 0.056 (SD) d–1 in the decalcified, and 0.200 ± 0.069 (SD) d–1 in the mixed treatment. There was no significant difference in the mean growth rates between the treatments [F (2,12) = 2.793, p = 0.101].

In the experiment with G. oceanica, the mean growth rates of O. marina were 0.029 ± 0.098 (SD) d–1 in the calcified, 0.417 ± 0.051 (SD) d–1 in the decalcified, and 0.197 ± 0.128 (SD) d–1 in the mixed treatment, and differed significantly between all three treatments [F (2,12) = 19.79, p = 0.0002]: calcified-decalcified (p = < 0.001), calcified-mixed (p = 0.0455), decalcified-mixed (p = 0.0104).


Comparison of Ingestion Rates Between Coccolithophore Species

O. marina showed no growth when fed with calcified E. huxleyi and G. oceanica and only marginal growth when calcified P. carterae served as prey. It can be assumed that at the end of all three experiments, the prey concentrations in the calcified treatments were still sufficient to ensure feeding saturation of the grazers (Figure 2, compare Supplementary Figure 1 for E. huxleyi). Hence, the ingestion rates of O. marina on the different calcified coccolithophore species can be compared.

Overall, the mean ingestion rates of O. marina on the calcified coccolithophores were lower when calculated for the entire period of 48 h compared to the respective ingestion rates calculated for the initial 24 h of the experiments, suggesting that the digestion of prey particles that had already been ingested limited further food uptake (unless in the second half of the experiments the predator cells just ate less for other reasons). An average of 57 ± 5.3 (SD) calcified E. huxleyi predator–1 day–1, 26 ± 6.7 (SD) P. carterae, and 23 ± 7.0 (SD) G. oceanica pred. –1 d–1 were consumed during the first 24 h of the experiments. Between 24 and 48 h, additional 33 ± 3.4 E. huxleyi, 17 ± 4.1 P. carterae, and 6 ± 6.7 (SD) calcified G. oceanica pred. –1 d–1 were taken up. Ingestion rates calculated between 0 and 48 h were 21% lower in the E. huxleyi experiment, 18% lower for P. carterae and 36% lower for G. oceanica compared to the respective rates calculated for the period between 0 and 24 h. However, in the G. oceanica experiment, the decalcified cells were also still abundant after 48 h (Figure 2F), although the predator concentrations increased (Figure 2I). Here, O. marina ingested 35 ± 7.6 decalcified G. oceanica pred. –1 d–1 during the first 24 h and 22 ± 1.4 cells pred. –1 d–1 in the period between 24 to 48 h, when the ingestion rates were corrected with the calculated average predator concentrations during both intervals. Consequently, the ingestion rate of O. marina on decalcified G. oceanica were 37% lower in the second interval compared to the first 24 h.



Prey Preference of O. marina Within the Mixed Cultures

The decalcified cells of all three coccolithophore species could initially be distinguished from the calcified cells based on the strength of the side scatter signal measured with the flow cytometer. Both cell types appeared in two distinct clusters (Figure 3). However, a clear distinction between calcified and decalcified E. huxleyi was only possible until 24 h after the start of the experiment. Thereafter, the cluster of the decalcified cells overlapped with the cluster of the calcified cells, thereby impeding their differentiation in the flow cytograms (Figure 3). As a consequence, an increasing fraction of the initially decalcified cells was enumerated as calcified cells, which is why the concentrations of the latter increased between 24 to 48 h after the start (Figure 4A). More calcified than decalcified E. huxleyi cells were consumed during the first 24 h [α = 0.58 ± 0.003 (SD), t (3) = 53.29, p < 0.0001] and the calcified cells were eaten up completely after 48 h, whereas some decalcified were still left (Figure 4B).
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FIGURE 3. Cytograms of mixed cultures that contained both, decalcified and calcified coccolithophores. Decalcified coccolithophores display lower side-scatter signals (SSC-A on the x-axes, strength of the signal without unit) than the calcified cells (FL3-A on y-axes = red fluorescence). Cytograms of an E. huxleyi culture with grazers (A) at the start, (B) after 24 h, (C) control without grazers after 24 h. (D) P. carterae at start, (E) after 24 h, (F), control after 24 h. (G) G. oceanica start (H) after 72 h (I), control without predators after 72 h.
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FIGURE 4. Concentrations (mean ± SD) of calcified (blue) and decalcified (red) cells within the mixed treatment. (A) E. huxleyi without, and (B) with grazers. (C) P. carterae without and (D) with predators. (E) G. oceanica without and (F) in the presence of O. marina.


Calcified and decalcified P. carterae could be distinguished from each other throughout the experiment in the mixed treatment based on the SSC and remained stable in concentration when predators were absent (Figure 4C). More decalcified than calcified P. carterae were consumed during the first 24 h of the experiment [α = 0.71 ± 0.09 (SD), t(4) = 5.63, p = 0.0049] and the decalcified cells were completely gone after 48 h (Figure 4D).

The decalcified G. oceanica were able to produce new coccoliths in the dark whereby the SSC of the cells increased. These re-calcified cells formed an intermediate cluster in the flow cytogram that was located in between those formed by the decalcified and the calcified cells, respectively (Figures 3H,I). Nevertheless, the cluster of calcified G. oceanica could be distinguished from the cluster of decalcified cells within the first 24 h of the experiment, during which O. marina ingested more decalcified than calcified G. oceanica [α = 0.73 ± 0.05 (SD), t (4) = 10.89, p = 0.0004] (Figures 4E,F). The intermediate cluster of re-calcified cells in the cytograms was more scattered when predators were present compared to the controls (Figures 3H,I). The mean SSC of the cluster of decalcified cells increased less over the course of the experiment when O. marina was present. This was also the case in the treatment that contained decalcified cells only, indicating that the grazers preferred the re-calcified cells (Supplementary Figure 2).

In the presence of O. marina, additional particle clusters could be observed on the cytograms, which were lower in red fluorescence than the coccolithophore cells, but showed similar FSC and SSC signals indicating they were of similar size (Figure 3). The additional particle cluster did not appear in the controls, but only in the presence of predators. Particles were more abundant in the cultures with calcified coccolithophores and likely represent egested food items.



Cell Size of Calcified and Decalcified Cells

The decalcified coccolithophores were smaller than the respective calcified cells: The mean diameter of decalcified E. huxleyi [3.77 ± 0.23 (SD) μm] was significantly smaller than the mean diameter of the calcified cells [4.81 ± 0.55 (SD) μm] [t (26) = 7.88, p < 0.0001]. This was also the case for P. carterae [decalcified = 8.50 ± 0.73 (SD) μm; calcified = 10.52 ± 1.02 (SD) μm; t (34) = 7.22, p < 0.0001] and G. oceanica [decalcified = 5.41 ± 0.74 (SD) μm; calcified = 7.01 ± 0.45 (SD) μm; t (31) = 8.27, p < 0.0001]. Calculations of spherical volumes (V = 4/3πr3) from the measured diameters showed that the volume (organic cell + coccosphere) of all three calcified species was roughly twice as large as the volume of the decalcified cells (organic only) (∼58 vs. ∼28 μm3 for E. huxleyi, ∼610 vs. ∼322 μm3 for P. carterae, ∼180 vs. ∼83 μm3 for G. oceanica). Thus, more decalcified cells could be taken up per individual predator simply due to their smaller size. The flow cytometry data suggest that the calcified E. huxleyi suffered less from the prolonged dark period than the decalcified cells (Supplementary Figure 3). The measurements showed that the chlorophyll fluorescence of the decalcified cells declined stronger and further indicate that the decalcified cells decreased slightly in size over the course of the experiment. However, this effect was small compared to the absolute difference between both treatments (Supplementary Figure 3).



Microscopic Observations

Observations that were done during (and after) the experiments from single replicates that contained either calcified or decalcified cells showed that more decalcified than calcified cells fit into an individual O. marina (Figure 5). Moreover, calcified cells inside the predator kept their shape and many of the O. marina cells that had ingested several calcified coccolithophores looked deformed (Figure 5A). It also needs to be mentioned that P. carterae is a motile species. At the high concentrations at which P. cartarae was grown prior to the start of the experiment a large fraction of cells was not moving in both treatments. However, the decalcified cells became sticky and we could often observe pairs of cells moving stuck together. The potential reduction of mobility of these decalcified cells could facilitate the uptake by O. marina.
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FIGURE 5. Microscopic images of different individuals of O. marina with ingested prey. (A) calcified and (B) decalcified E. huxleyi after 24 h. (C) calcified and (D) decalcified E. huxleyi after 72 h. (E) calcified and (F) decalcified G. oceanica after 24 h and (G) calcified (H) decalcified cells after 72 h. (I) calcified and (J) decalcified P. carterae after 24 h. Red arrows point to the small spherical objects in the apical part of the predatory cells, which resemble prey cells in an advanced stage of digestion.


Live O. marina were highly motile and thus difficult to observe and to photograph. However, they occasionally stopped their continuous spiral movement and remained motionless for a short period, during which some individuals sank to the bottom of the microscope slide and could be photographed. Pictures had to be taken quickly, which in part explains the lack of focus in some of them. The relatively few observations do not allow quantitative statements and, of course, can be challenged with respect to their representativeness regarding the bulk population of O. marina. Nevertheless, they provided important insights into prey digestion. After 72 h some individuals of O. marina that fed decalcified coccolithophores showed small inclusions (Figures 5D,H) that resembled coagulated prey items under progressive digestion as described by Öpik and Flynn (1989). We were not able to discover similar patterns in cells of O. marina that were fed with calcified coccolithophores, suggesting limited digestion of calcified cells. However, the lack of this observation may also have been due to the fact, however, that remnants of calcified cells were obscured by freshly engulfed cells, which were still abundant at the end of the experiments in contrast to the decalcified cells (Figure 2). We once observed an individual of O. marina egesting a relatively undigested calcified cell of E. huxleyi (Figure 6). The entire egestion process took about 15 min, during which the predator barely moved. In contrast, we observed another specimen that was packed with several calcified cells of E. huxleyi that rounded up its shape. It egested two virtually empty coccospheres within minutes and moved quickly out of sight (Figure 7).


[image: image]

FIGURE 6. This set of photos (a–h) show an O. marina specimen egesting a cell of E. huxleyi (red arrow). Prey egestion occurred within 3 min. Images were taken in a separate experiment where cells of E. huxleyi were not incubated for 36 h in the dark. The images vary slightly with respect to the focal plane.



[image: image]

FIGURE 7. The figure shows two images taken from the same cell of O. marina in different focal planes. The predator was packed with several E. huxleyi and egested visually empty coccospheres (red arrows) within a few seconds.




Effects of Calcification on Growth of O. marina

Öpik and Flynn (1989) described O. marina as voracious predator. It feeds by engulfing several prey particles one after another until there is no further space to take up more. Ingested food particles are then assimilated successively (Öpik and Flynn, 1989; Roberts et al., 2011). The microscopic observations showed that the coccolithophores E. huxleyi, P. carterae and G. oceanica fit well into the prey size spectrum of the predator. Within the pure cultures that contained either calcified or decalcified coccolithophores, the decalcified cells disappeared faster due to predation. Furthermore, O. marina was able to grow when feeding on decalcified coccolithophores but not, or at reduced rates, when feeding on calcified cells. Growth inhibition through calcification was most pronounced when O. marina was fed with the most heavily calcified species (G. oceanica) and least pronounced when fed with the least calcified one (P. cartarae). This suggests that growth inhibition due to calcification is positively correlated with the relative proportion of calcite to organic carbon in the prey (compare Figure 8). We propose 3 possible mechanisms to explain how the coccosphere could have reduced grazer growth. These will be discussed consecutively in the following but they are not mutually exclusive.


[image: image]

FIGURE 8. Scanning electron micrographs of individual coccolithophore species from the respective strains used in the experiments (see methods). (A) Coccospheres of E. huxleyi. (B) collapsed coccosphere of P. carterae. (C) Coccospheres of G. oceanica. The pictures (B,C) were kindly provided by Dr. Giulia Faucher and were published previously in a study that compared physiological and morphological characters of four coccolithophore species under different abiotic conditions (Faucher et al., 2020).


(I) Calcification of coccolithophores complicates digestion in phagotrophic protozoa: O. marina must cope with the coccosphere before reaching the nutritious organics of the cell. Our results are consistent with the findings of Harvey et al. (2015), who observed higher growth rates of O. marina when fed with naked E. huxleyi compared to calcified E. huxleyi strains. The coccosphere may impede the direct access of the digestive machinery to the valuable organics, thereby slowing down digestion. Harvey et al. (2015) hypothesized that the ingested CaCO3 may impede the digestive process by buffering the acidic pH in the food vacuoles of the predator. Acidic digestion has been demonstrated in some protozoa and may be common in phagotrophic microzooplankton (Mast, 1947; González et al., 1993; Barbeau et al., 1996; Kodama and Fujishima, 2005). According to this hypothesis, the predatory O. marina cell has to counteract the pH increase in the food vacuoles due to carbonate dissolution to sustain an acidic environment for the optimal functioning of digestive enzymes. The microscopic observations of egested prey cells presented in Figure 6 (and Supplementary Figure 4) lend some support for a dissolution of the CaCO3 inside O. marina (compare the egested cell to the healthy E. huxleyi in Figure 6; but note that it remains to be tested whether the seemingly smaller coccosphere is due to corrosion or some coccoliths simply fell off). This specimen of O. marina was apparently not able to effectively digest the engulfed E. huxleyi. In contrast, the specimen of O. marina in Figure 7 egested visually empty coccospheres and therefore seems capable to assimilate the organic material inside the coccosphere. The empty coccospheres shown in Figure 7 may correspond to those flow cytometry populations that have a similar SSC value but a reduced fluorescence signal compared to healthy E. huxleyi (Figure 3; egested prey). The putative cluster of “egested cells” in Figure 3 suggests that egestion of “empty” coccospheres is common. Thus, in addition to (or instead of) buffering a potentially acidic digestive environment, the coccosphere could also slow down digestion simply by impeding the access to the valuable organics of the prey cells.

(II) The coccosphere reduces the space to incorporate more cells: The coccosphere roughly doubles the total volume of the coccolithophore and O. marina is unable to destruct the coccospheres after ingestion. Thus, calcified cells require twice as much space within the digestive compartments of O. marina, which is likely to be detrimental for the turnover of organic material. The impact of this volume effect can be seen very clearly in Figure 5 where much more de-calcified cells fit into O. marina. Furthermore, the volume effect would be even higher in those species which have spines or other coccolith extensions. Almost 50% of heterococcolith-bearing species have such extensions, suggesting that the volume effect on digestion is potentially relevant for many coccolithophores (Monteiro et al., 2016).

(III) The coccosphere adds ballast to the grazer thereby making it less agile: The ingestion of the coccosphere adds significant ballast to the predator since CaCO3 is 2.7 times denser than organic material. The uptake of large amounts of CaCO3 may increase the demand of energy needed for locomotion, counteracting gravitational sinking, and impact swimming speed and prey encounter rate.



Preference for Calcified or Decalcified Coccolithophores by Oxyrrhis marina?

It has been shown that O. marina is size-selective (Hansen et al., 1996; Strom et al., 2012). Our results show that O. marina consumed more of the calcified than decalcified E. huxleyi. In contrast, more decalcified P. carterae and G. oceanica were ingested. Furthermore, the results of the flow cytometry measurements indicate that re-calcified cells of G. oceanica were primarily eaten. The results suggest that the differences in ingestion rates between calcified and decalcified coccolithophores within the mixed treatments were more likely due to the size of the prey algae than due to calcification. With regard to the prey size, O. marina preferred the larger calcified E. huxleyi (∼4.8 μm), which was the smallest of the three coccolithophore species that was tested in our experiments, but the smaller decalcified cells of P. carterae (∼8.5 μm), which was the largest species (calcified ∼10.5 μm) (Figure 8). This is consistent with previous findings that O. marina feeds optimally on prey sizes > 4 μm (Roberts et al., 2011).

The results suggest that calcification does not prevent O. marina from ingesting coccolithophores and confirm previous findings that the coccosphere does not deter protozoan grazers (Harvey et al., 2015; Strom et al., 2018; Mayers et al., 2020). It remains a key question, however, whether other microzooplankton species that are better adapted to natural phytoplankton communities would be able to select against calcified species. Protozoa that are capable to avoid calcareous cells and to select for more easily digestible food items would potentially have a clear advantage as they likely grow faster. The ability of O. marina to chemoreception is well developed. It has been shown that the grazer is able to select prey items based on their food quality (Meunier et al., 2012). Moreover, O. marina has been shown to feed on artificial particles that are flavored with organic molecules (Hammer et al., 2001), and is able to distinguish between artificial particles that are coated with different carbohydrate-binding proteins (Wootton et al., 2007).

Prey concentrations and encounter rates are much lower under natural conditions than in our experiments. In nature, protozoa usually need to browse large volumes of seawater to be able to cover their nutritional demand (Kiørboe, 2011), suggesting that they rarely have a choice to select their food. It has been argued that selection likely favors the evolution of chemosensory receptors in protozoa in order to seek for prey along chemical gradients (Breckels et al., 2011). The question is whether selection favors the evolution of appropriate receptors to detect an inorganic shell surrounding an otherwise attractive prey item in such a dilute environment.

Our results indicate that coccolithophore calcification can reduce the feeding efficiency and growth of phagotrophic protozoa. The benefit of this effect for coccolithophores is likely depending on their dominance within the bulk phytoplankton community. In a scenario where the calcified coccolithophore is a minor component of the phytoplankton community accessible to a non-selective protozoan, the decrease in predation pressure due to ingested calcite will primarily benefit the non-calcareous phytoplankton in the community. This is because competing non-calcifying species do not contribute to the substantial energetic burden associated with calcification (Monteiro et al., 2016), whereas they still benefit from the reduced predation pressure. However, reduced growth of the grazer through calcification will benefit coccolithophores that dominate the phytoplankton community and attenuate the top-down control on their proliferation (Harvey et al., 2015).




CONCLUSION

Our results show that coccolithophore calcification influences prey ingestion by O. marina primarily by altering the prey size. This can increase or decrease ingestion rates depending on the preferred size spectrum of the grazer. In contrast to ingestion, prey digestion is reduced by calcification. We concur with Harvey et al. (2015) that reduced digestion rates could be due to detrimental buffering of acidic digestion via intracellular calcium carbonate dissolution. Additionally, the coccosphere may simply impede the access to the organic part of the cell and/or handicap the swimming abilities of the predator by ballasting. We could show that the coccosphere strongly reduces the intracellular space for prey items inside the predator. This constitutes a simple, yet effective mechanism to impede digestion rates. However, we found that the coccosphere provides no direct protection against O. marina since it does not motivate the predator to select against calcified cells.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are publicly available. This data can be found here: https://doi.pangaea.de/10.1594/PANGAEA.932273.



AUTHOR CONTRIBUTIONS

MH and LB designed the study. MH, FD’A, and OK performed the experiments and conducted the measurements. MH, LB, and UR wrote the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This research was funded by the German Science Foundation (DFG) (BA5188/1-1).



ACKNOWLEDGMENTS

We thank Urban Tillmann for providing a culture of O. marina, Ute Schuldt and Sebastian Meier for their support during SEM of E. huxleyi, Giulia Faucher and Elisabetta Erba for providing SEM pictures of P. carterae and G. oceanica. Furthermore, we thank the reviewers for valuable comments that significantly helped to improve the manuscript.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmars.2021.664269/full#supplementary-material

Supplementary Figure 1 | Functional response of O. marina to different prey concentrations of calcified (blue) and decalcified (red) E. huxleyi. In a separate experiment, both cell types were kept separately in different concentrations in 20 bottles, that contained ∼2000 O. marina mL–1 each. (A–D) Measurements took place 2.5–48 h after the start of the experiment.

Supplementary Figure 2 | Decalcified G. oceanica produced new coccoliths over the course of the experiments, which caused an increase in their side scatter signal (SSC) measured via flow cytometry. The increase in SSC was less pronounced when predators were present, suggesting that the re-calcified cells were eaten preferentially.

Supplementary Figure 3 | Development of the forward scatter (FSC) as a measure of size, and the red (chlorophyll) fluorescence (FL-3) of calcified and decalcified coccolithophores in the controls over the course of the experiments.

Supplementary Figure 4 | The set of images shows an individual O. marina specimen that ingested a Coccolithus braarudii cell. The predatory cell was moving quickly and difficult to photograph. We were not able to adjust the white balance in the first photo in the upper left, which shows a cell of C. braarudii inside O. marina (a). The microscopy slide was kept at 18°C in the dark for about 18 h and we were able to rediscover the same individual on the following day. We found it slowly moving at the bottom of the slide (b–f). After some time, it started to rotate intensely whereby it egested the prey item (g–o) and moved on (p).
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