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Pico-phytoplankton have ample scope to react to environmental change. Nevertheless, we know little about the underlying physiological mechanisms that govern how evolutionary history may affect short-term responses to environmental change. We investigated growth rates and carbon uptake related traits at 15° and 22°C and at different times during the microbial growth curve (lag phase, mid and late exponential) of eight novel strains of Ostreococcus sp. (ca. 1 μm). The strains were isolated from two distinct regions of the Baltic Sea differing in salinity and temperature as well as variability therein from North-East (Bornholm Basin) to South-West (Kiel area). Strains from Kiel area had ca. 10% higher growth rates on average and showed more variation between strains compared to strains from the Bornholm Basin. While biomass increased throughout the experiment in both temperature, CUE (carbon use efficiency, indicative of photosynthetically derived carbon available for growth) was too low to explain positive growth throughout the entire growth curve at 15°C and during the early stages at 22°C. Throughout the growth curve CUE then increased enough to sustain growth, but only at 22°C. Consequently, we then tested whether Ostreococcus use organic carbon to supplement growth when light is not a limiting factor. We show that Ostreococcus qualitatively modulate their potential to grow on organic carbon sources throughout a single growth curve. Based on the differences between CUE and a potential to grow on organic carbon, we postulate a shift in carbon acquisition between inorganic and organic sources in Ostreococcus sp. with potential implications on ecological dynamics within microbial communities.

Keywords: pico-phytoplankton, environmental change, carbon acquisition, evolutionary history, primary production


INTRODUCTION

In recent years, temperatures in the atmosphere and sea surface have been increasing at an unprecedented rate, putting organisms into environmental conditions that they have likely not experienced before (IPCC, 2014). An organism can react to a changing environment through a combination of strategies such as moving to other locations, coping with changes via plasticity (i.e., phenotypic variation within one genotype), adapting (i.e., evolutionary change that leads to an increase in fitness) or in the worst case, dying (Gienapp et al., 2008). Here, we investigate the adaptive response (i.e., how growth rates differ with respect to temperature in the short-term within several generations) of a pico-phytoplankton species Ostreococcus sp. from the Baltic Sea. Growth rates can indicate the direction and magnitude of change in fitness (Elena and Lenski, 2003). In addition to understanding if short-term responses to warming in Ostreococcus vary, we are also interested in the underlying metabolic responses, which can provide a mechanistic link between selection environments and evolved growth responses (Padfield et al., 2016).

Pico-phytoplankton are a globally distributed group of microbial photosynthetic primary producers that make up about 0.53–1.32 Pg C of the marine biomass and contribute to ca. 20% of marine primary production (Worden et al., 2004; Buitenhuis et al., 2012). In coastal areas, pico-phytoplankton can temporarily contribute up to 80% to the marine production of oxygen via photosynthesis and fuel biogeochemical cycles (Worden, 2006). As primary producers, they assimilate inorganic carbon (CO2) and have important cascading effects on higher trophic levels in the marine food web (Field et al., 1998; Falkowski et al., 2008). In addition, high growth rates and large populations size with high standing genetic variation (Reusch and Boyd, 2013) enable pico-phytoplankton, as well as other microbial species, to track today’s rapid changes in the environment via fast plastic responses and evolutionary change and often through a combination of both (Lenski and Travisano, 1994; Wiser et al., 2013; Levis et al., 2016).

Phytoplankton species can be divided into different functional groups regarding their carbon uptake. Of these, photoautotrophs assimilate carbon via photosynthesis while mixotrophic phytoplankton acquire their carbon either via photosynthesis or uptake of organic carbon compounds (Lindsey and Scott, 2010). In this study, we focus on a globally distributed pico-phytoplankton species, Ostreococcus sp., which has a size of about 1 μm and is the smallest known free-living eukaryote (Courties et al., 1994; Rodríguez et al., 2005). Ostreococcus sp. is characterized as a photoautotrophic species, i.e., using CO2 as its carbon source for growth (Courties et al., 1994). However, it has been shown that Ostreococcus has the potential to grow in the dark relying on other carbon sources (e.g., sorbitol) that do not directly come from co-occurring photosynthesis (van Ooijen and Millar, 2012). Therefore, in Ostreococcus other carbon uptake related strategies could play a role to sustain growth.

Previous experimental long-term studies have shown that phytoplankton are indeed able to adapt to environmental change within a few hundred generations which translate to several months to years in the laboratory (Lohbeck et al., 2012; Schlüter et al., 2014; Listmann et al., 2016; Schaum et al., 2018). Despite their insights into the adaptive potential of phototrophic microbes, these experiments focus mainly on single strains (i.e., genotypes) of species from culture collections and are very time consuming and large experiments. As a result, they only capture a reduced image of ecological variability. Selection, however, will act on the range of phenotypes within a species, which itself changes as a function of ecological variability. Within-species variation is therefore a crucial component to consider for characterizing the adaptive potential of organisms (Des Roches et al., 2018). In this study we circumvent the limitations of long-term experimental studies on laboratory strains by using two approaches: First, to account at least for a small degree of ecological variability (Boyd et al., 2013; Godhe and Rynearson, 2017; Hattich et al., 2017), we use not one, but eight strains of the same species complex. Second, in order to investigate the evolved response to warming, we use strains of the same species complex with different environmental histories—an approach called space for time substitution (Likens, 1989).

To understand how pico-phytoplankton evolve to warming, we want to link growth responses to the underlying metabolic responses (e.g., Padfield et al., 2016). Metabolic responses that are associated with growth can include nutrient uptake related strategies (Sommer, 1984; Edwards et al., 2015), metabolic responses within the cell for energy turnover or allocation (Rokitta et al., 2016; Collins and Schaum, 2019) or, as is most important for primary producers, carbon uptake related strategies (Rost et al., 2006). Several studies on different phytoplankton groups have demonstrated that net primary production, which describes the uptake of carbon for growth, can change in response to changes in the environment essentially modulating the relationship of net primary production and growth (Schaum et al., 2017; Barton et al., 2020). These indicate that inorganic carbon is assimilated in different quantities. However, these studies have so far investigated the responses in cultures at exponential phase in the microbial growth curve. This allows us to understand metabolic dynamics that are associated with exponential growth, but it ignores that ample theory in ecology and evolution would predict the existence of multiple strategies both depending on the environmental condition and the life cycle state of a microbial organism (Halsey et al., 2013; García-Carreras et al., 2018). Here, we additionally focus on metabolic responses during early and late exponential growth phases rather than only the maximum exponential growth phase of the microbial growth curve.

We isolated six novel strains of Ostreococcus tauri and two Ostreococcus mediterraneus in spring of 2018 (RV ALKOR cruise AL505) (Table 1) from the Baltic Sea in order to study a range of strains of the same species complex with different evolutionary histories. This was the first successful isolation of Ostreococcus from the Baltic Sea. The Baltic Sea is characterized by different environmental gradients including for example temperature, salinity or nutrients (Leppäranta and Myrberg, 2009) that have changed in the last decades (Zhong et al., 2020). Here, we focus on two regions in the South-West and East of the Baltic, the Kiel area and Bornholm Basin, differing mainly in temperature and salinity. The respective gradients range from warmer, more variable temperatures and higher salinity in the Kiel area compared to colder, less variable temperatures and lower salinity in the Bornholm Basin. We measured the growth response to two different temperatures and how the respective evolutionary trajectories affected this response in the novel strains. At the same time, by quantifying carbon use efficiency via photosynthesis and respiration measurements (Hackett and Griffiths, 1997; Rutgers et al., 2016; Schaum et al., 2017), we characterized how growth can be maximized (or changed) in varying environments (i.e., temperatures) and at different time-points during the exponential growth phase. After our main experiment, we subsequently investigated the potential of Ostreococcus sp. to grow on several organic carbon compounds considering again effects of changes in the thermal environment (temperature assay), evolutionary history (via space for time substitution), and the life cycle (throughout a growth curve).


TABLE 1. This table summarizes the different origins of the strains that were used in the experiments.
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MATERIALS AND METHODS


Ostreococcus Isolation and Culturing

We isolated Ostreococcus sp. from pico-phytoplankton community samples obtained during a RV ALKOR cruise (AL505) in 2018 (see Figure 1A and Table 1 for sampling dates and locations) using a Niskin bottle at 5 m. Community samples were immediately passed through a 35 μm sieve to remove grazers and large debris, and then further size fractioned via gentle filtration through a 2 μm membrane filter (kept filtrate) and a 0.2 μm filter (kept filter and rinsed gently). From these samples, we successfully isolated eight new strains of Ostreococcus sp. (see Table 1 for details); five from the Kiel area and three from the Bornholm Basin. We determined the species identity via 18S rRNA sequencing (Cai et al., 2010). The isolation by dilution method where samples were diluted to below 1 cell per specific volume and grown in wellplates for ca. 15–30 days, proved best for Ostreococcus of the Baltic Sea (unpubl. results). Stock cultures were kept at their respective isolation salinities in f/2 media (Guillard, 1975) that was prepared using artificial seawater. In a common garden approach, all stocks were kept at 18°C after isolation. 18°C corresponds to a mean temperature over the two regions where the strains were isolated from. All cultures were kept in gentle rotation at a 12:12 day and night cycle with light intensities of ca. 100 μE. Based on earlier studies and the characteristics of phytoplankton populations (up to million cells/mL) we assume that the isolated strains are genetically distinct (Boyd et al., 2013; Hattich et al., 2017; Godhe and Rynearson, 2017). Furthermore, SNP analysis of Mediterranean O. tauri strains isolated by the same procedure have shown that strains are indeed genetically distinct (Gwenael et al., personal communication).
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FIGURE 1. Sampling locations and experimental set-up: The pico-phytoplankton communities from which we isolated Ostreococcus sp. were collected during two research cruises in March and August 2018 and originate from Kiel area and Bornholm Basin (A). Eight successfully isolated strains of Ostreococcus sp. were exposed to 15 and 22°C (B) in four consequent experiments and monitored daily for growth via tracking cell numbers (C). In addition, we measured net primary production daily (D) in experiments 1–3 and in experiment 4 we investigated potential growth on organic carbon at three time points of the microbial growth curve (E).




Experimental Design

The eight new strains were cultured to determine their growth rate and metabolism response to 15 and 22°C (spanning late spring and late summer temperatures). The experiment had to be carried out in three subsequent batches due to the limited number of metabolic measurements possible at the same time (see Figure 1B and Table 1). The batches were all set up the same way: each strain was replicated three times and each replicate inoculated with 3000 cells/mL in 40 mL f/2 media (Guillard, 1975) of the respective salinity of isolation (Table 1). All replicated cultures were exposed to the two treatment temperatures with a 12:12 day and night cycle at 100 μE light intensity for 18 days ensuring growth through a whole microbial growth cycle (Figure 1C). Starting at day three of microbial growth we measured cell numbers daily via flow cytometry (BD Accuri C6 flow cytometer) and starting on day 4–5, we measured photosynthetic metabolic activity daily via optical O2 measurements (Figure 1D) (see below for explanation of measurement).

After the main experiment, we set up a second smaller experiment to determine the potential of growth on organic carbon sources using six strains of the eight isolated Ostreococcus strains (four from Kiel and two from Bornholm, respectively) (Figure 1E). Each strain was inoculated at 3000 cells/mL in 200 mL of f/2 media (Guillard, 1975) of the respective salinity of isolation and exposed to both 15 and 22°C with a 12:12 day and night cycle at 100 μE light intensity. In addition to growth and carbon use efficiency measures, we here investigated the potential of each strain to grow on 31 different organic carbon sources using ecoplates (Biolog EcoPlateTM) at three time points during the microbial growth curve (determined via the preceding growth experiments).



Flow Cytometry

We determined cell counts to calculate growth rates in the experimental cultures and increase of cell numbers in the Biolog EcoPlates. Cells were counted at a rate of 65 μl/min on a flow cytometer (Accuri BD C6 Plus) using gating of cells characterized by the height of forward scatter and red fluorescence signal (Supplementary Figure 1). The forward scatter was set to a threshold of ca. 200 that allowed us to determine debris and potentially high amounts of bacteria in the experimental cultures. Ostreococcus is large enough to be well distinguished from bacterial cells or cell debris (Supplementary Figure 2) which came in handy when measuring the Ostreococcus increase on the Biolog EcoPlates with organic carbon sources.



Determination of Growth Rates in One Batch Cycle

On the daily cell count measurements, we fitted a growth curve containing a lag phase, exponential phase and carrying capacity. To analyze the shape of the growth curves, non-linear curve fitting of a gompertz growth model (Buchanan et al., 1997) was carried out using the “nlsLoop” function in the R package, “nlsLOOP” (version 1.2-1). Parameter estimation was achieved by running 1,000 different random combinations of starting parameters for cell count at carrying capacity, duration of lag phase, and maximum growth rate picked from a uniform distribution. The script then retained the parameter set that returned the lowest Akaike information criterion (AICc) score, yielding μmax and day at μmax. In addition, we calculated growth rates at early and late exponential phase (3 days before and after day at μmax, respectively) using the following formula [ln(Nt−Nt–1)] with N being the number of cells/ml. The day at μmax was important for subsequent analysis of growth on organic carbon sources (see Supplementary Table 1).



Measurement and Calculation of Photosynthesis and Respiration

Net photosynthesis and respiration rates were measured on PreSens® SDR Sensor Dish optodes. We measured oxygen production for 15 min in the light, and respiration for 15 min in the dark under the light and temperature conditions set in the incubator (i.e., all experimental units at their assay temperatures). In non-axenic cultures, bacterial respiration is also measured both in light and in the dark. However, over the course of the microbial growth curve we find that bacterial counts (as part of the debris smaller than ca. 0.5 μm) did not increase or change such that we can assume that measures compared over one batch cycle are based on changes in autotrophic phytoplankton cells. All characterizations were carried out at the same time of day (9–11 a.m.). From the measurements we calculated the rate of oxygen evolution within a 5–10 min constant time window as changes from light to dark can have consequences on the absolute values measured on the PreSens SDR Sensor Dish. Due to oxygen drifts within the sample vials we always ran a control with MQ in each measurement and subtracted this drift from the rates calculated. From the rate of oxygen evolution in the dark (R) and light (NP) we then calculated gross photosynthesis as follows: [R]+NP = GPP.

Carbon use efficiency and was then calculated as follows: [image: image]



Potential Use of Carbon via Ecoplates

Here we were interested in, if and how much a culture could grow on a number of different carbon sources that we provided via the ecoplates (Supplementary Figure 3). Based on Exp. 1–3 we identified three time points (corresponding to three different days during the microbial growth cycle) at which we then measured growth on organic carbon. These time points were “early exponential phase” 3 days prior to day at μmax, “mid exponential phase” at μmax and “late exponential phase” 3 days later than day at μmax. The actual days of inoculation into ecoplates varied between the different strains of Ostreococcus and treatment temperatures (see Supplementary Table 2 for details). Each ecoplate contained 31 different organic carbon sources in triplicates and three controls with water (see Rutgers et al., 2016 for list of sources and groups thereof and Supplementary Figure 2). Each of the 96 wells was inoculated with 200 μl of culture (except one control of water with only MQ) and then left to grow for 24 h at the same experimental condition as the respective original culture. After 24 h we fixed the samples with sorbitol (10 μL of a 1% sorbitol solution per sample) for 24 h at 4°C in the dark and then froze them for later analysis via flow cytometry. After thawing the ecoplates overnight, we counted the cells in each well and calculated the relative change in cell numbers on organic carbon compared to the control (on water). Since our cultures were not axenic, we cannot exclude, that present bacteria readily use the organic compounds provided in the ecoplate. Therefore, we calculated the relative difference of cell numbers on an organic source specifically identifying phytoplankton cells in the cytometry fingerprints. We provide an example for control sample (no culture), culture on water (control), and on an amino acid in Supplementary Figure 2. In addition, we calculated an overall value of relative change in cell numbers on organic carbon the following way: First, we calculated the mean of cells/mL for the control wells; second, we calculated the relative change in cells/mL for each of the 93 wells that contained a carbon source compared to the control (i.e., “water,” no other organic carbon source). This relative change could be between −1 and 1: anything between −1 and 0 meant that less cells than in the control were present after 24 h whereas anything between 0 and 1 meant that more cells in the control were present after 24 h. Third, we counted the number of wells where the relative change in cell numbers was positive. And last, the overall potential use of an organic carbon source was then calculated as the mean of the relative change of cells normalized by the number of wells on which the relative increase was positive.

[image: image]

We found that the transfer of culture from the 150 mL culture flasks to 200 μL on the ecoplates presented a stressful condition in itself. This was seen as rapid decrease of cell numbers even in the control samples on water only. However, one well contained only water, and thus there was no change in culturing condition other than being transferred into a smaller volume and we could still determine the effect of the presence of an organic carbon compound on the Ostreococcus strains.



Statistical Analysis

All data were analyzed in the R programming environment (version 4.0.3.) using the packages “nlme,” “ggpot2,” “lme4,” “emmeans,” “vegan,” “reshape2,” and “multcomp.”

The growth rates (μmax, growth rate at early and late exponential phase) were analyzed with a linear mixed effects model (lme within the nlme package). Growth was first analyzed via a global model that included sampling location (Kiel area or Bornholm Basin), assay temperature (15 and 22°C) and time as fixed factors in full interaction. The “experiment” (Exp 1–3 for μmax and net primary production) was computed as a nested random effect within region. The global model was reduced to the single and interacting factors containing the lowest AICc score with a minimum difference of 2 (Supplementary Table 3.1). The best model for growth only included the single factors and no interaction (Supplementary Table 3.2).

CUE, gross photosynthesis and respiration were analyzed with a generalized linear squares (gls) model (within the nlme package) that accounted for autocorrelation over time. We first constructed a global model that included the sampling location and assay temperature as fixed factors in full interaction—using the lowest AICc score with a minimum difference of 2 (Supplementary Tables 4.1, 5.1, 6.1, respectively) then yielded the model that best explained each response variable (Supplementary Tables 4.2, 5.2, 6.2, respectively.

The changes in cell numbers on the organic carbon compounds was analyzed in two ways: First we analyzed the differences in the groups of carbon compounds via a linear mixed effects model containing the effect of timing at 22°C (Supplementary Tables 7.1, 7.2) and temperature (Supplementary Tables 7.3, 7.4) in mid exponential phase as well as the effects of region and “carbon group” (Supplementary Table 8). The lme model was reduced to the single and interacting factors containing the lowest AICc score with a minimum difference of 2. Second, we confirmed the statistical analysis on the relative growth on carbon and changes in cell numbers via a PCA analysis and subsequent permanova that tested again for the effect of timing at 22°C (see above) and temperature in mid exponential phase (Supplementary Tables 9, 10). The difference to the first analysis is, that it includes the differences between all 31 carbon sources and how the complete use of all the sources differed between time-points, temperature and regions.



RESULTS


Adaptive Response in Ostreococcus Measured via Growth Rates

Following the expected shape of a microbial growth curve, the highest growth rates were reached in the middle of the microbial growth curve and lower at the early and late stage of the microbial growth curve both in the Kiel and Bornholm strains (Figure 2 and Supplementary Table 5; Global model (TI) Effect of “Timing” [F(2, 155) = 619.787, p < 0.0001]. In the Kiel strains, the growth rates were higher in the early and mid-phases of exponential growth compared to the Bornholm region [Figure 2 and Supplementary Table 3.2; Effect of “Region” F(1, 155) = 28.458, p < 0.0001]. All strains of Ostreococcus increased their growth rate from 15 to 22°C [Figure 2 and Supplementary Table 3.2; Effect of “Temperature” F(1, 155) = 16.724, p < 0.0001] at early and late stage of exponential growth. The increase of growth rate between 15 and 22°C is higher in the Kiel strains (e.g., min and max growth mid exponential phase 0.52–1.06) compared to the Bornholm (e.g., min and max growth mid exponential phase 0.43–0.71) strains indicated in the maximum and minimum growth rates of all strains within a region. The difference between regions indicated an effect of the absolute difference in experienced past environment including the variability therein; in other words, their evolutionary history.


[image: image]

FIGURE 2. Growth rates are shown here at early, mid and late exponential phase and at 15 (blue) and 22°C (red). Note that for the growth rate at mid exponential phase we used a logarithmic curve fit to all numbers collected during the experiment whereas early and late exponential growth rates were estimated via ln(Nt-Nt–1) 3 days prior and after the day where growth was maximum. The left panel shows growth rates of four isolates from the Kiel area whereas the right panel shows growth rates of four isolates from the Bornholm area. All filled points show mean +/– 1 SE (n = 3). The different shapes indicate the growth rates of each of the single isolates (four for each region).




Inorganic Carbon Acquisition

Both gross photosynthesis (GP) and respiration (R) decrease rapidly over the course of a batch cycle (correlation of time in statistical models) (Figure 3). The statistical analysis did not show a significant effect of either temperature or region on either GP or R (Figure 3 and Supplementary Tables 4, 5). The high variability over the course of the microbial growth cycle could be responsible. Since carbon use efficiency (CUE) puts GP and R in relation to each other per sample we have—apart from GP—another measure of primary productivity that allows us to interpret the capacity to grow on the available inorganic resource.


[image: image]

FIGURE 3. CUE (A), gross photosynthesis (green) and respiration (purple) (B) are shown here. The left panels show data for Kiel strains, whereas the right panels show data of Bornholm strains. All points show mean ± 1 SE including n = 12 and n = 12 for Kiel and Bornholm, respectively. The fitted lines are based on a loess smoother. The dashed gray lines indicate thresholds for CUE where either no growth on CO2 alone is possible (<0), some growth is possible (0–0.5) and growth on CO2 alone is possible (>0.5).


The CUE in both Kiel and Bornholm strains increased with temperature at mid exponential phase [Figure 3 and Supplementary Table 6.2; Effect of “Temperature” F(1) = 9.934, p = 0.002] and varied throughout the microbial growth curve (all models included correlation of time). Specifically, CUE increases in the first 6–8 days of experiment and then stays relatively constant. In addition, CUE was generally higher in the Kiel strains compared to the Bornholm strains [Figure 3 and Supplementary Table 6.2; Effect of “Region” F(1) = 11.680, p = 0.001]. 20% of the data were also explained by an inclusion of the interaction of temperature and region that explains a higher CUE especially at 22°C (Supplementary Table 6.1).



Potential Use of Organic Carbon Sources

Due to experimental limitations, we were only able to measure use of organic carbon sources on one representative replicate of four strains from the Kiel area and two strains from the Bornholm area, respectively. Thus, a comparison between the strains was statistically not possible. Averaged over all the organic sources we did find a higher use of organic carbon sources by isolates from Kiel compared to Bornholm at mid exponential phase in both assay temperatures [Figure 4 and Supplementary Table 7.4; Effect of “Region” F(1, 4) = 11.416, p = 0.028] as well as early and late exponential phase at 22°C [Figure 4 and Supplementary Table 7.2; Effect of “Region” F(1, 4) = 6.531, p = 0.063]. In addition to the overall difference between the regions we also found effects of the timing of measurement and temperature: on the one hand, the use of organic carbon in both Kiel and Bornholm strains decreased from early to mid and late exponential phase at 22°C [Figure 4 and Supplementary Table 7.2; Effect of “Timing” F(2, 10) = 12.398, p = 0.002]. On the other hand, at mid exponential phase, the use of organic carbon sources was higher at 15°C compared to 22°C in both areas [Figure 4 and Supplementary Table 7.4; Effect of “Temperature” F(1, 5) = 5.730, p = 0.062].
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FIGURE 4. Overall relative increase in cell numbers on carbon normalized by the number of sources on which we found positive growth is shown here: in the left panel the growth at 22°C (red) at early, mid and late exponential phase is shown, whereas in the right panel relative growth at mid exponential phase at 15 (blue) and 22°C (red) degrees is shown. All points show mean ± 1 SE including n = 4 and n = 2 for Kiel and Bornholm, respectively. Triangles present the overall growth on organic carbon per ecoplate of each experimental unit.


In addition to the differences in use when all carbon sources were considered together, we found that at different sampling times and temperatures the carbon sources were used in different quantities (Figure 5). At 22°C we found that in the early exponential phase on all carbon groups except for the polymers (Cyclodextrin and Glycogen), cell numbers compared to the water control were higher in the strains from Kiel, whereas in the Bornholm strains this was mainly observed on carbohydrates and carboxylic acids [Figure 5A, Supplementary Table 8.2; Effect of “Region∗Carbon Group” F(5, 1525) = 3.798, p = 0.002]. At mid and late exponential phase, there were fewer sources on which cell numbers were higher than in the control in the Kiel strains and there was no further increase in cell numbers on carbon sources in the Bornholm strains [Figure 5A and Supplementary Table 8.2; Effect of “Timing” F(2, 1525) = 67.528, p < 0.0001]. In the Kiel strains, there was still potential use of amines and carbohydrates at mid exponential and phenolic compounds in the late exponential phase [Figure 5A and Supplementary Table 8.2; Effect of “Timing∗Region” F(2, 1525) = 9.290, p < 0.0001). In addition, at 15°C compared to 22°C there were more carbon groups potentially used in both Kiel and Bornholm strains [Figure 5B and Supplementary Table 8.4; Effect of “Temperature” F(1, 1058) = 37.202, p < 0.0001], however, differently so between the regions [Figure 5B and Supplementary Table 8.4; Effect of “Temperature∗Region” F(1, 1058) = 9.334, p = 0.002]. In the Kiel strains resources from all groups except for the polymers lead to an increase in cell numbers and in Bornholm strains this was only the case on amines and carboxylic acids [Figure 5B and Supplementary Table 8.4; Effect of “Region∗Carbon Group” F(5, 1058) = 5.007, p < 0.0001].
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FIGURE 5. Relative change in cell numbers on the different carbon compound groups. The colors code for the different groups of carbon sources each source belongs to and on which we did the statistical analysis. Shown here are mean ±1 SE for each group. However, each group contains different numbers of carbon sources (number in brackets) and a total of triplicate/source measurements of 4 or 2 strains for Kiel and Bornholm samples, respectively. A negative relative change indicates that the cells could not profit from being incubated on an organic carbon source whereas the positive change indicated a positive effect of the organic compound. (A) Shows the changes at 22°C at the different time points whereas (B) shows the changes in mid exponential phase between 15 and 22°C.




DISCUSSION

In our study on carbon uptake in Ostreococcus sp. from the Baltic Sea, we showed that there is an adaptive signature of warming or, at the very least in the absence of molecular evidence, of processes acting on time-scales beyond acclimation and plasticity. Furthermore, we found different circumstances with respect to temperature and time in microbial growth curve when inorganic and, potentially, organic carbon were used for growth.

With respect to the question whether Ostreococcus has an adaptive signature of its origin, we showed that strains from the warmer and more variable Kiel area showed higher growth rates in general and a more variable response to temperature as well. This was the opposite in the strains from the colder, less variable Bornholm Basin. These findings are consistent with the expectations based on short-term (within several generations) response measurements (Zhong et al., 2020) where the origin of the communities and thus their evolutionary history affected all key functional traits measured. Taking into account the wealth of theoretical work (Draghi and Whitlock, 2012; Botero et al., 2015; Ashander et al., 2016; Buckley and Kingsolver, 2019; Haaland and Botero, 2019) and experimental studies (Ketola and Saarinen, 2015; Schaum et al., 2016, 2018; Kristensen et al., 2018; Saarinen et al., 2018; Zhong et al., 2020), we expected that the samples from the Kiel area will have been under selection in a more variable environment, giving rise to more variable responses with respect to growth.

Considering how Ostreococcus can adjust its growth mechanistically, we conclude that inorganic and organic carbon were likely taken up in different quantities depending on the stage of the microbial growth cycle and temperature to sustain positive growth that we observed throughout. At early exponential phase, both in strains from Kiel and Bornholm CUE was below the threshold of 0.5, which means that the carbon necessary to increase biomass could not have solely come from uptake of CO2 via photosynthesis. Rather, we found in the follow-up experiment that cell numbers could increase (compared to the control on water only) on several organic carbon sources especially at early exponential phase. This means, that at this early stage in the microbial growth curve, Ostreococcus sp. potentially used organic carbon sources in the media to increase cell numbers. The organic carbon in the media could stem for example from the release of DOC by death of other Ostreococcus cells or bacteria (Thornton, 2014; Carlson and Hansell, 2015). At mid exponential and late exponential phase in the 22°C treatment, CUE increased to above the threshold of 0.5, whereas the cell increase on carbon sources decreased to almost zero, potentially indicating that at this stage in the microbial growth curve, growth was sustained mainly by uptake of CO2. However, in the 15°C treatment CUE was still below 0.5 and similarly, cells in the 15°C at mid exponential phase also increased on organic carbon sources compared to 22°C treatment. In summary, we found that when CUE was lowest, the potential to use organic carbon sources was the highest and vice versa (see Supplementary Figure 4). Consequently, there seems to be a shift between the potential use of organic vs. inorganic carbon leading to an increase cell numbers (Supplementary Figure 4). The origin of the strains further affected the likelihood and strength of this “shift.” In the samples that originated from the southern more thermally variable Kiel region, we found a stronger shift compared to the colder less variable Bornholm region (Supplementary Figure 4). Several studies that have already investigated organic carbon uptake, found that indeed mixotrophy in microalgae increased biomass yields (for example Kang et al., 2004; Liu et al., 2009; Pang et al., 2019), however, these studies focused on optimizing biofuel generation. It is still unclear, under what “natural” conditions microalgae preferably grow mixo-trophically or photo-trophically and what organic compounds may be available under natural conditions (Stickney et al., 2000; Flynn et al., 2013; Mitra et al., 2016).

Previous studies have already pointed toward evidence of Ostreococcus being able to sustain growth on sorbitol in the dark for circadian clock research (O-Neill et al., 2011; van Ooijen and Millar, 2012), but our study provides striking evidence that organic carbon sources are taken up readily in the light. This requires that we rethink our understanding of photoautotrophs and go beyond CO2 uptake. The consequences of the ability to take up organic carbon may be twofold: on the one hand, the carbon pool used by Ostreococcus may not solely be in the form of CO2 but also DOM (dissolved inorganic matter). If, in general, many species of phytoplankton would indeed use other forms of carbon other than CO2, there might be a consequence on the carbon draw-down from the inorganic pool (Basu and Mackey, 2018). In particular, less DIC would be used directly for biomass production, but rather carbon would be taken up indirectly via the microbial shunt. On the other hand, using organic carbon sources puts the organisms in direct competition with other mixotrophic phytoplankton as well as heterotrophic organisms (e.g., bacteria). This second consequence is likely of more importance considering species interactions in microbial communities and thus ecosystem dynamics due to changes in the microbial loop (Meyer, 1994; Fenchel, 2008).

Generally, carbon acquisition via photosynthesis is cheap (Raven, 1991; Raven and Johnston, 1991) which is why there could be other reasons wherefore organic carbon is readily taken up by Ostreococcus under certain conditions. For example, the uptake of organic carbon compounds could be a “cheap” acquisition of organic nutrients (e.g., nitrogen, phosphorus) that are otherwise expensive to produce or acquire. The reduction of nitrate to organically available nitrogen (the same goes for phosphorous) is energy consuming (Timmermans et al., 1994). And at times where photosynthetic activity is low (i.e., at early and late exponential phase or lower temperatures), the available energy for such chemical conversions is low as well. As a result, using organic carbon compounds may be a way for the organism to acquire organic nutrients in a cheap way and use them for biomass formation and growth. Even if the growth on organic carbon compounds is not a consequence of requiring more carbon but rather organic nutrients, the effect this can have on competition that we highlighted above, may be similar. Whether the sources we tested were an organic carbon or organic nutrient source, could be investigated via the addition of DOC (dissolved organic carbon) or DOP (dissolved organic phosphorous) or DON (dissolved organic nitrogen) in manipulative experiments. The uptake of dissolved organic nutrients could then in addition be traced via mass spectrometry or HPLC (see for example Yan et al., 2012).

In this study, the growth effect of the organic carbon sources was not measured directly in culture, but rather as a potential to use a given source (ecoplates) (see section “Materials and Methods” for details). Therefore, a manipulative experiment proving that the addition of an organic carbon source directly to the experimental culture increases growth, would be the next logical step. In addition, testing the effect of additional organic carbon sources on other functional groups of phytoplankton and heterotrophic organisms is necessary to characterize the consequence of possible competition between phototrophic and heterotrophic microbial species and how ecological dynamics would be affected.



CONCLUSION

In conclusion, we found that a small pico-phytoplankton species from the Baltic Sea does have an adaptive response to environmental change due to differences in ecological variability and evolutionary history. However, it is important to understand the mechanism of the growth response, as the differences in the strategies related to carbon uptake may have implications on ecosystem dynamics and how well microbial photosynthetic organisms can persist in future environments.
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Strain name Species Identification seq Sampling location Sampling region Salinity at Temperature Experiment

isolation at sampling used
(PSU) (°C)
AL505 St21.1  Ostreococcus 185 21.1 forward 18S 21.1 reverse 54.3127 N 11.1936 E Kiel Area 18 1,76 1,4
touri
AL505 St21.2  Ostreococcus 185 21.2 forward 18S 21.2 reverse 54.3127 N 11.1936 E Kiel Area 18 1,76 2
touri
AL505 St21.3  Ostreococcus ~ 18S 21.3 forward 18S 21.3 reverse 54.3127 N 11.1936 E Kiel Area 15 1,76 3,4
touri
AL505 St21.4  Ostreococcus 185 21.4 forward 18S 21.4 reverse 54.3127 N 11.1936 E Kiel Area 18 1,76 2,4
touri
AL505 St04.3  Ostreococcus 185 4.3 forward  18S 4.3 reverse 54.343 N 10.3015 E Kiel Area 15 1,13 1,4
mediterraneus
AL505 St 19.1  Ostreococcus  18S 19.1 forward 18S 19.1 reverse 55.3643 N 156.1774 E  Bornholm Basin 10 2,14 1,4
touri
AL505 St 19.5 Ostreococcus  18S 19.5 forward 18S 19.5 reverse 55.3643 N 15.1774 E  Bornholm Basin 10 2,14 3,4
mediterraneus
AL505 St 19.9 Ostreococcus  18S 19.9 forward 18S 19.9 reverse 55.3643 N 15.1774 E  Bornholm Basin 10 2,14 3
touri

The given parameters of isolation were taken on board the research vessel at the time of sampling of the phytoplankton community from which the Ostreococcus strains
were isolated. The sequences for identification via 18S rRNA were uploaded as supplementary data.
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