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11 Summary:

12 - Pico-phytoplankton have ample scope to react to environmental change. But we know
13 little about the underlying physiological mechanisms that govern how evolutionary
14 history may affect short-term responses to environmental change.

15 - Weinvestigated growth rates and carbon uptake related traits (i.e. fitness proxies) in
16 different temperatures and at different times during the microbial growth curve of
17 eight novel strains of Ostreococcus sp. (ca. 1-2um). The strains were isolated from
18 two distinct regions of the Baltic Sea differing in salinity and temperature from North-
19 East (Bornholm Basin) to South-West (Kiel areq).

20 - Strains from the warmer, more variable Kiel area had higher growth rates in general
21 and showed more variable growth rates compared to strains from the colder and less
22 variable Bornholm Basin.

23 - In addition, growth was maintained in early stages of the growth curve by organic
24 carbon acquisition and the increase in growth over time and with temperature was
25 associated with an increase in inorganic carbon acquisition (net primary productivity).

26 - Based on the differences between net primary productivity and potential growth on
27 organic carbon, we postulate a shift in carbon acquisition between inorganic and
28 organic sources in Ostreococcus sp. with potential implications on ecological
29 dynamics within microbial communities.

30 - Key words: Pico-phytoplankton, environmental change, carbon acquisition,
31 evolutionary history, primary production
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32  Introduction:

33 In recent years, temperatures in the atmosphere and sea surface have been increasing at an
34  unprecedented rate, putting organisms into environmental conditions that they have likely not
35 experienced before (IPCC Fifth Assessment Report - Synthesis Report, 2014). An organism
36  can react to a changing environment through a combination of strategies such as moving to
37 other locations, coping with changes via plasticity (i.e. phenotypic variation within one
38  genotype), adapting (i.e. evolutionary change that leads to an increase in fitness) or in the
39 worst case, die (Gienapp et al., 2008). Here, we investigate the adaptive response (i.e. how
40  growth rates differ with respect to temperature in the short-term within several generations) of
41  a pico-phytoplankton species Ostreococcus sp. from the Baltic Sea. Growth rates as fitness
42  proxies can indicate the direction and magnitude of change in fitness (Elena & Lenski, 2003).
43 In addition to understanding if short-term responses to warming in Ostreococcus vary, we are
44  aso interested in how. Thus, we also want to mechanistically link evolved growth responses

45  tothe underlying metabolic responses.

46  Pico-phytoplankton are a globally distributed group of microbial photosynthetic primary
47  producers that make up about 0.53-1.32 Pg C of the marine biomass and contribute to ca.
48  20% of marine primary production (Worden et al., 2004; Buitenhuis et al., 2012). In coastal
49  areas, pico-phytoplankton can temporarily contribute up to 80% to the marine production of
50 oxygen via photosynthesis and fuel biogeochemica cycles (Worden, 2006). As primary
51  producers, they assimilate inorganic carbon (CO,) and have important cascading effects on
52  higher trophic levels in the marine food web (Field et al., 1998; Falkowski et al., 2008). In
53  addition, high growth rates and large populations size with high standing genetic variation
54 (Reusch & Boyd, 2013) enable pico-phytoplankton, as well as other microbial species, to
55 track today’s rapid changes in the environment via fast plastic responses and evolutionary
56 change and often through a combination of both (Lenski & Travisano, 1994; Wiser et al.,
57 2013; Leviset al., 2016).

58  Previous experimental long-term studies have shown that phytoplankton are indeed able to
59  adapt to environmental change within a few hundred generations which translate to several
60 months to years in the laboratory (Lohbeck et al., 2012; Schliter et al., 2014; Listmann et al.,
61 2016; Schaum et al., 2018). Despite their insights into the adaptive potential of phototrophic
62  microbes, these experiments focus mainly on single strains (i.e. genotypes) of species from
63  culture collections and are very time consuming and large experiments. As a result, they only
64  capture a drastically reduced image of ecological variability. The latter, however, may add to
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65 the characterization of the adaptive potential of organisms, because with ecological variation,
66  the range of phenotypes within a species, that essentially selection can act on, increases (Des
67 Roches et al., 2018). In this study we circumvent the limitations of long-term experimental
68  studies on laboratory strains by using two approaches. First, to account for a degree of
69 ecological variability (Boyd et al., 2013; Hattich et al., 2017; Godhe & Rynearson, 2017), we
70  usenot one, but eight strains of the same species complex. Second, in order to investigate the
71 evolved response to warming, we use strains of the same species complex with different

72 environmental histories - an approach called space for time substitution (Likens, 1989).

73 To understand how pico-phytoplankton evolve to warming, we want to link growth responses
74  to the underlying metabolic responses (e.g. Padfield et al., 2016). Metabolic responses that are
75 associated with growth can include nutrient uptake related strategies (Sommer, 1984,
76  Edwards et al., 2015), metabolic responses within the cell for energy turnover or allocation
77 (Rokittaet al., 2016; Collins & Schaum, 2019) or, asis most important for primary producers,
78  carbon uptake related strategies (Rost et al., 2006). Several studies on different phytoplankton
79  groups have demonstrated that net primary production, which describes the uptake of carbon
80 for growth, can change in response to changes in the environment essentially modulating the
81  relationship of net primary production and growth (Schaum et al., 2017b; Barton et al., 2020).
82 These indicate that inorganic carbon is assimilated in different quantities. However, these
83  studies have so far mainly investigated the responses in cultures at exponential phase in the
84  microbial growth curve. This allows us to understand metabolic dynamics that are associated
85  with exponential growth, but it ignores that ample theory in ecology and evolution would
86 predict the existence of multiple strategies both depending on the environmental condition
87  and the life cycle state of a microbial organism (Halsey et al., 2013; Garcia-Carreras et al.,
88  2018). Here, we additionally focus on metabolic responses during early and late exponential
89  growth phases rather than only the maximum exponential growth phase of the microbial

90 growth curve.

91 Phytoplankton species can be divided into different functional groups regarding their carbon
92 uptake. Of these, photoautotrophs assimilate carbon via photosynthesis while mixotrophic
93  phytoplankton acquire their carbon either via photosynthesis or uptake of organic carbon
94  compounds (Rebecca Lindsey & Scott Design by Robert Simmon, 2010). In this study, we
95 focuson aglobally distributed pico-phytoplankton species, Ostreococcus sp., which has asize
96 of about 1pym and is the smallest known freeliving eukaryote (Courties et al., 1994,
97 Rodriguez et al., 2005). Ostreococcus sp. is characterized as a photoautotrophic species, i.e.
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98 using CO; asits carbon source for growth (Courties et al., 1994). However, it has been shown
99 that Ostreococcus has the potentia to grow in the dark relying on other carbon sources (e.g.
100  sorbitol) that do not directly come from co-occurring photosynthesis (van Ooijen & Millar,
101 2012). Therefore, in Ostreococcus other carbon uptake related strategies could play a role to
102  sustain growth. Here, we want to specifically test whether and under which conditions uptake
103 of organic carbon occurs in the light. In other words, instead of solely investigating how much
104 carbon is alocated to growth, we study where the carbon for growth is coming from,
105  considering effects of changes in the thermal environment (temperature assay), evolutionary
106  history (via space for time substitution), and the life cycle (throughout a growth curve). In
107  addition, we investigate how much intraspecific variation exists in carbon uptake related
108  strategies.

109 We successfully isolated eight novel strains of Ostreococcus tauri (7) and Ostreococcus
110  mediterraneus (1) in Spring of 2018 (RV ALKOR cruise AL505) (Table 1) from the Baltic
111  Sea in order to study a range of strains of the same species complex with different
112  evolutionary histories. The Baltic Sea is characterized by different environmental gradients
113 including for example temperature, salinity or nutrients (Leppéranta, Matti, 2009) that have
114  changed in the last decades (Zhong et al., 2020). Here, we focus on two regions in the South-
115 West and East of the Bdltic, the Kiel area and Bornholm Basin, differing mainly in
116 temperature and salinity. The respective gradients range from warmer, more variable
117  temperatures and higher salinity in the Kiel area compared to colder, less variable
118  temperatures and lower salinity in the Bornholm Basin. On the new strains of Ostreococcus
119  sp., we measured the growth response to two different temperatures and how the respective
120  evolutionary trajectories affected this response. In addition, by quantifying net primary
121 production via photosynthesis and respiration measurements (Schaum et al., 2017a) and
122 potential growth on organic carbon substrates (Hackett & Griffiths, 1997; Rutgers et al.,
123 2016), we characterized different strategies of how growth can be maximized (or changed) in

124  varying environments and at different time-points during the exponential growth phase.
125

126  Material and Methods:

127  Ostreococcus isolation and experimental set-up:

128  We isolated Ostreococcus sp. from pico-phytoplankton community samples obtained during a
129 RV ALKOR cruise (AL505) in 2018 (see Fig. 1la and Table 1 for sampling dates and
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130 locations) using a Niskin bottle at 5m. Community samples were immediately passed through
131  a 35um sieve to remove grazers and large debris, and then further size fractioned via gentle
132 filtration through a 2um membrane filter (kept filtrate) and a 0.2um filter (kept filter and
133 rinsed gently). From these samples, we successfully isolated eight new strains of
134  Ostreococcus sp. (see Table 1 for details); five from the Kiel area and three from the

135  Bornholm Basin.

136  The eight new strains were cultured to determine their growth rate and metabolism response
137  to 15°C and 22°C (spanning late spring and late summer temperatures). The experiment had
138 to be carried out in three subsequent batches due to the limited number of metabolic
139  measurements possible at the same time (see Fig. 1b, Table 1). The batches were all set up the
140 same way: each strain was replicated three times and each replicate inoculated with 3000
141 cells/mL in 40mL /2 media (Guillard, 1975) of the respective salinity of isolation (Table 1).
142 All replicated cultures were exposed to the two treatment temperatures with a 12:12 day and
143 night cycle at 100pE light intensity for 18 days ensuring growth through a whole microbial
144  growth cycle (Fig. 1c). Starting at day three of microbial growth we measured cell numbers
145  daily via flow cytometry (BD Accuri C6 flow cytometer) and starting on day four to five, we
146 measured photosynthetic metabolic activity daily via optical O, measurements (Fig. 1d).

147  Dueto logistic limitations, for the measurement of growth on organic carbon sources we set
148  up an additional experiment using six representative strains of the eight isolated Ostreococcus
149  strains (four from Kiel and two from Bornholm, respectively) (Fig. 1le). Each strain was
150  inoculated at 3000 cells/mL in 200 mL of f/2 media (Guillard, 1975) of the respective salinity
151  of isolation and exposed to both 15°C and 22°C with a 12:12 day and night cycle at 100uE
152 light intensity. At three time points during the microbial growth curve (determined via the
153  preceding growth experiments), we investigated the potential of each strain to grow on 31

154 different organic carbon sources using ecoplates (Biolog EcoPlate™).
155  Determination of growth rates and net primary production in experiments 1-4.

156  On the daily cell count measurements, we fitted a growth curve containing a lag phase,
157  exponential phase and carrying capacity. To analyse the shape of the growth curves, non-
158 linear curve fitting of a gompertz growth model (Buchanan et al., 1997) was carried out using
159  the ‘nisLoop’ function in the R package, ‘nlsLOOFP’ (version 1.2-1). Parameter estimation
160  was achieved by running 1,000 different random combinations of starting parameters for cell
161  count at carrying capacity, duration of lag phase, and maximum growth rate picked from a

162  uniform distribution. The script then retained the parameter set that returned the lowest
5
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163  Akaike information criterion (AICc) score, yielding pmax and day at pmax. In addition, we
164  calculated growth rates at early and late exponential phase (three days before and after day at
165  umax, respectively) using the following formula (In(N-N¢.1)) with N being the number of
166 cells/ml. The day at pmax was important for subsequent analysis of growth on organic carbon

167  sources (see Table S1).

168  Net photosynthesis and respiration rates were measured on PreSens ® SDR Sensor Dish
169  optodes. We measured oxygen production for 15 minutes in the light, and respiration for 15
170  minutes in the dark under the light- and temperature conditions set in the incubator (i.e. al
171  experimental units at their assay temperatures). All characterizations were carried out at the
172 same time of day (9am to 1lam). From these measurements we calculated net primary
173 production rates (following (Falkowski et al., 1985) in pgC*cell *day™).

174  Potential growth on carbon via ecoplates.

175  Here we were interested, if and how much a culture could grow on a number of different
176  carbon sources that we provided via the ecoplates. Based on Exp. 1-3 we identified three time
177  points (corresponding to three different days during the microbial growth cycle) at which we
178  then measured growth on organic carbon. These time points were “early exponential phase”
179  three days prior to day at pmax, “mid exponential phase’ at pmax and “late exponential
180  phase’ three days later than day at pmax. The actual days of inoculation into ecoplates varied
181  between the different strains of Ostreococcus and treatment temperatures (see Table S2 for
182  details). Each ecoplate contained 31 different organic carbon sources in triplicates and three
183  controls with water (see Rutgers et al., 2016 for list of sources and groups thereof and Fig.
184  Sl). Each of the 96 wells was inoculated with 200pl of culture (except one control of water
185  with only MQ) and then left to grow for 24h at the respective experimental condition as the
186  origina culture. After 24h we fixed the samples with sorbitol (3ul in 200ul sample) for 24h at
187  4°C in the dark and then froze them for later analysis via flow cytometry. After thawing the
188  ecoplates overnight we counted the cells in each well and calculated the relative change in cell
189  numbers on organic carbon compared to the control (on water). In addition, we calculated an
190 overall value of relative increase in cell numbers on organic carbon compared to a control
191  without the addition of organic carbon the following way: First, we calculated the mean of
192 cells/mL for the control wells that only contained water; second, we calculated the relative
193  change in cells/mL for each of the 93 wells that contained a carbon source compared to the
194  control (i.e. “water”, no other organic carbon source). Third, we counted the number of wells
195  where the relative change in cell numbers was positive. And last, the overdl potential growth
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196  on organic carbon was then calculated as the mean of the relative increase of cells normalized

197 by the number of wells on which the relative increase was positive.
198
199  Satistical analysis

200 All data were analysed in the R programming environment (verson 3.6.3.) using the
201 following packages 'nlme’, “ggpot2’, ‘Ime4’, “emmeans, ‘vegan’, ‘reshgpe?’, and

202 ‘multcomp’.

203 All experimental responses (umax, growth rate a early and late exponential phase, net
204  primary production and overall growth on organic carbon) were analysed with a linear mixed
205  effects model (Ime) (within the nime package, version 3.1-137). We focused on the effect of
206  timing (i.e. differences between early, mid and late exponential phase in the microbial growth
207  curve) a 22°C and the effect of temperature in the mid exponential phase since we had all
208  experimental responses for these time points and temperatures. The responses were first
209 analysed via a global model (Table S5-7 supplements) that included sampling location (Kiel
210 areaor Bornholm Basin) and assay temperature (15°C and 22°C) or time (for the responses at
211 early, mid and late exponential phase) as fixed factors in full interaction. The “experiment”
212 (Exp 1-3 for ymax and net primary production) was computed as a nested random effect
213 within region. We subsequently analysed the growth rate again for each region separately to
214  further characterize the intra-regional variation of responses at mid exponential phase and in
215  response to temperature (regional model Table Scsupplements). The regional model included
216  strains (five different onesin the Kiel regional model and three different ones in the Bornholm
217  regional modd, respectively) and assay temperature (15°C and 22°C) as fixed factors in full
218 interaction. All Ime models were reduced to the single and interacting factors containing the

219  lowest AlCc score with a minimum difference of 2.

220  The changes in cell numbers on the organic carbon compounds was analysed in two ways:
221  First we analysed the differences in the groups of carbon compounds via a linear mixed
222  effects model containing the effect of timing at 22°C (see above) and temperature in mid
223 exponential phase as well as the effects of region and “carbon group”. The Ime model was
224  reduced to the single and interacting factors containing the lowest AICc score with a
225  minimum difference of 2. Second, we confirmed the statistical analysis on the relative growth
226 on carbon and changes in cell numbers via a PCA analysis and subseguent permanova that

227  tested again for the effect of timing at 22°C (see above) and temperature in mid exponential
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228 phase. The difference to the first anaysis is, that it includes the differences between all 31
229  carbon sources and how the complete use of all the sources differed between time-points,

230 temperature and regions.

231

232

233  Resaults:

234 Adaptive response in Ostreococcus measured via growth rates

235  Following the expected shape of a microbia growth curve, the highest growth rates were
236 reached in the middle of the microbial growth curve and lower (down to no growth) at the
237  early stage of the microbial growth curve both in the Kiel and Bornholm strains (Fig. 2, Table
238 S5 Global model (TI) Effect of “Timing” F,=4.990, p=0.011). Towards the end of the
239  exponential phase, growth rate decreased again but not significantly (contrast mid to late
240  exponential phase t-ratio= 1.704, p=0. 5357). In the Kiel strains, the growth rates were higher
241 in al three phases compared to the Bornholm region (Fig. 2, Table S5 Global model (TI)
242  Effect of “Region” F; =11.779, p=0.001). All strains of Ostreococcus increased their growth
243  rate from 15°C to 22°C (Fig 2, Table S5 Global modd (TE) Effect of “Temperature” F;
244  =40.162, p<0.0001), however, this increase varied strongly between the strains within the
245  Kiel region (Table S5 Regional model (Kiel) Effect of “Temperature” F; =31.725, p=0.0001,
246  Effect of “Isolate” F4 =7.618, p=0.003) and between the two regions (Table S5 Global model
247 (TE) Effect of “Region” F; =15.430, p=0.0005). This indicated an effect of the absolute
248  difference in experienced past environment including the variability therein; in other words,

249  their evolutionary history.
250  Inorganic carbon acquisition

251 The net primary production in both Kiel and Bornholm strains increased with temperature at
252 mid exponential phase (Fig. 3, Table S6 Global model (TE) Effect of “Temperature” F;
253  =8.818, p=0.0005) and from early to mid exponential phase at 22°C as well (Fig 3, Table S6
254  Global model (TI) Effect of “Timing” F; =36.583, p<.0001). From mid to late exponential
255  phase there was no significant increase anymore (contrast mid to late exponential phase t-
256  ratio=-0.398, p=0.916). At the mid exponential phase, net primary production was slightly but
257  not significantly higher in the Bornholm strains compared to the Kiel strains both at 22°C and
258  15°C (Fig. 3, Table S6 Global model (TE) Effect of “Region” F; =1.999, p=0.261). At the
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259  early exponentia phase at 22°C net primary production was, however, lower in Bornholm
260 (Figure 3, Table S6 Global model (TI) Effect of “Timing * Region” F; =5.093, p=0.006). Net
261  primary production increased in most cases because GP became relatively higher compared to

262 R (supplementary Fig. S3).
263 Growth on organic carbon sources and correlation to net primary production

264  Due to experimental limitations, we were only able to measure growth on organic carbon
265  sources on one representative replicate of four strains from the Kiel area and two strains from
266  the Bornholm area, respectively. Thus, a comparison between the strains was statistically not
267 possible. Averaged over all the organic sources we did find a higher use of organic carbon
268  sources by isolates from Kiel compared to Bornholm at mid exponential phase in both assay
269  temperatures (Fig. 4, Table S7 Global model (TE) Effect of “Region” F; =11.416, p=0.027) as
270  well asearly and late exponential phase at 22°C (Fig. 4, Table S7 Global model (TI) Effect of
271 “Region” F; =6.531, p=0.063). In addition to the overall difference between the regions we
272 aso found effects of the timing of measurement and temperature: on the one hand, the growth
273 on organic carbon in both Kiel and Bornholm strains decreased from early to mid and late
274  exponential phase at 22°C (Fig. 4 Table S7 Global model (TI) Effect of “ Timing” F, =12.398,
275  p=0.002). On the other hand, at mid exponential phase, the growth on organic carbon sources
276 was higher a 15°C compared to 22°C in both areas (Fig 4, Table S7 Global model (TE)
277  Effect of “ Temperature” F; =5.730, p=0.062).

278  In addition to the differences in growth when all carbon sources were considered together, we
279 found that at different sampling times and temperatures the carbon sources were used in
280  different quantities (Fig. 5). In the early exponential phase on all carbon groups except for the
281  polymers (Cyclodextrin and Glycogen, see Fig. $4), cell numbers increased in the strains
282 from Kiel, whereas in the Bornholm strains this was mainly observed on carbohydrates and
283  carboxylic acids (Fig 5a, Table SO (Tl), Effect of “Region*Carbon Group” Fs =3.798,
284  p=0.002). At mid and late exponential phase, there were fewer sources on which cell numbers
285 increased in the Kidl strains and there was no further increase in cell numbers on carbon
286  sources in the Bornholm strains (Fig 5b, Table SO (Tl), Effect of “Timing” F, =67.528,
287  p<0.0001). In the Kid strains, there was still use of amines and carbohydrates at mid
288  exponential and phenolic compounds in the late exponential phase (Fig 5a, Table S9 (TI),
289  Effect of “Timing*Region” F, =9.290, p=0.0001). In addition, at 15°C compared to 22°C
290 there were more carbon groups used in both Kiel and Bornholm strains (Fig 5b, Table SO
291 (TE), Effect of “Temperature” F, =37.202, p<0.0001), however differently so between the
9
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292  regions (Fig. 5b, Table 9 (TE), Effect of “Temperature*Region” F; =9.334, p=0.0023). In
293  the Kid strains resources from all groups except for the polymers lead to an increase in cell
294  numbers and in Bornholm strains this was only the case on amines and carboxylic acids (Fig
295  5b, Table SO (TE), Effect of “Region* Carbon Group” Fs =3.798, p=0.002).

296
297
298
299  Discussion:

300 In our study on carbon uptake in Ostreococcus sp. from the Baltic Sea, we showed that there
301 isan adaptive signature of warming or at the very least in the absence of molecular evidence,
302  of processes acting on time-scales beyond acclimation and plasticity. Furthermore, we found
303 different circumstances with respect to temperature and time in microbial growth curve when

304  inorganic and organic carbon were used for growth.

305  With respect to the question if Ostreococcus has an adaptive signature of its origin we showed
306 that strains from the warmer and more variable Kiel area showed higher growth rates in
307 general and a more variable response to temperature as well. This was the opposite in the
308  strains from the colder, less variable Bornholm Basin. These findings are consistent with the
309  expectations based on short-term (within several generations) response measurements (Zhong
310 et al., 2020) where the origin of the communities and thus their evolutionary history affected
311 all key functional traits measured. Taking into account the wealth of theoretical work (Draghi
312 & Whitlock, 2012; Botero et al., 2015; Ashander et al., 2016; Buckley & Kingsolver, 2019;
313 Haaland & Botero, 2019) and experimental studies (Ketola & Saarinen, 2015; Schaum et al.,
314 2016, 2018; Kristensen et al., 2018; Saarinen et al., 2018), we expected that the samples from
315 the Kiel area will have been under selection in a more variable environment, giving rise to

316  more variable responses with respect to growth.

317 Considering how Ostreococcus can adjust its growth mechanistically, we conclude that
318 inorganic and organic carbon were taken up in different quantities depending on the stage of
319 the microbial growth cycle and temperature to sustain positive growth that we observed
320 throughout. At early exponential phase, both in strains from Kiel and Bornholm net primary
321 production was below zero, which means that the carbon necessary to increase biomass could

322 not have solely come from uptake of CO, via photosynthesis. Rather, we found that cell
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323  numbers could increase on several organic carbon sources. This means, that likely at this early
324  stage in the microbial growth curve, Ostreococcus sp. used organic carbon sources in the
325 mediato increase cell numbers. The organic carbon in the media could stem for example from
326 therelease of DOC by death of other Ostreococcus cells or bacteria (Thornton, 2014; Carlson
327 & Hansdl, 2015). At mid exponential and late exponential phase in the 22°C treatment, net
328 primary production increased to above zero and the cell increase on carbon sources decreased
329 to amost zero, indicating that at this stage in the microbia growth curve, growth was
330 sustained mainly by uptake of CO,. However, in the 15°C treatment net primary production
331  was still below zero and similarly, cells in the 15°C at mid exponential phase also increased
332 on organic carbon sources compared to 22°C treatment. In summary, we found that when net
333  primary production was lowest, the potential to grow on organic carbon sources was the
334 highest and vice versa (see Fig. S5). Consequently, there seems to be a shift between the use
335  of organic vsinorganic carbon leading to an increase cell numbers (Fig. S5). The origin of the
336  strains further affected the likelihood and strength of this shift. In the samples that originated
337  from the southern more thermally variable Kiel region, we found a stronger shift compared to
338 the colder less variable Bornholm region (Fig Sb). Severa studies that have aready
339 investigated organic carbon uptake, found that indeed mixotrophy in microalgae increased
340 biomassyields (for example (Kang et al., 2004; Liu et al., 2009; Pang et al., 2019)), however,
341 these studies focused on optimising biofuel generation. It is still unclear, under what “natural”
342  conditions microalgae preferably grow mixo-trophically or photo-trophically and what
343  organic compounds may be available under natural conditions (Stickney et al., 2000; Flynn et
344  al., 2013; Mitraet al., 2016).

345  Previous studies have already pointed towards evidence of Ostreococcus being able to sustain
346 growth on sorbitol in the dark for circadian clock research (O-Neill et al., 2011; van Ooijen &
347  Millar, 2012), but our study provides striking evidence that organic carbon sources are taken
348  up readily in the light. This requires that we rethink our understanding of photoautotrophs and
349  go beyond CO, uptake. The consequences of the ability to take up organic carbon may be
350 two-fold: on the one hand, the carbon pool used by Ostreococcus may not solely be in the
351 form of CO, but also DOM (dissolved inorganic matter). If, in general, many species of
352 phytoplankton would indeed use other forms of carbon other than CO,, there might be a
353  conseguence on the carbon draw-down from the inorganic pool (Basu & Mackey, 2018). In
354  particular, less DIC would be used directly for biomass production, but rather carbon would
355  be taken up indirectly via the microbia shunt. On the other hand, using organic carbon

356  sources puts the organisms in direct competition with other mixotrophic phytoplankton as
11
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357 well as heterotrophic organisms (e.g. bacteria). This second consequence is likely of more
358 importance considering species interactions in microbial communities and thus ecosystem

359  dynamicsdue to changesin the microbia loop (Meyer, 1994; Fenchel, 2008).

360 Generaly, carbon acquisition via photosynthesis is cheap (Raven, 1991; Raven & Johnston,
361  1991) which is why there could be other reasons wherefore organic carbon is readily taken up
362 by Ostreococcus under certain conditions. For example, the uptake of organic carbon
363  compounds could be a “cheap” acquisition of organic nutrients (e.g. nitrogen, phosphorus)
364 that are otherwise expensive to produce or acquire. The reduction of nitrate to organically
365 available nitrogen (the same goes for phosphorous) is energy consuming (Timmermans et al.,
366 1994). And a times where photosynthetic activity is low (i.e. at early and late exponential
367 phase or lower temperatures), the available energy for such chemical conversions is low as
368  well. As aresult, using organic carbon compounds may be a way for the organism to acquire
369  organic nutrients in a cheap way and use them for biomass formation and growth. Even if the
370  growth on organic carbon compounds is not a consequence of requiring more carbon but
371  rather organic nutrients, the effect this can have on competition that we highlighted above,
372 may be similar. Whether the sources we tested were an organic carbon or organic nutrient
373  source, could be investigated via the addition of DOC (dissolved organic carbon) or DOP
374 (dissolved organic phosphorous) or DON (dissolved organic nitrogen) in manipulative
375 experiments. The uptake of dissolved organic nutrients could then in addition be traced via

376  mass spectrometry or HPLC (see for example Yan et al., 2012).

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

384  dynamicswould be affected.

385 In conclusion, we found that a small pico-phytoplankton species from the Baltic Sea does
386 havean adaptive response to environmental change due to differencesin ecological variability
387 and evolutionary history. However, it is important to understand how growth as a response is
388  mechanitically increased, as the differences in the carbon uptake related strategies may have

12
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389 implications on ecosystem dynamics and how well an organism can persist in future

390 environments.

391
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Table 1. This table summarizes the different origins of the strains that were used in the
experiments. 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 18SrRNA are uploaded as supplementary data.

Salinity at Temperature at |Experiment
Strain Name |Species Identification Seq Sampling location |Sampling region [isolation [PSU] |sampling [°C] |used
AL505_St21.1|Ostreococcus tauri 18S_21.1 forward |185_21.1 reverse |54.3127 N 11.1936E |Kiel Area 15 1,76|1, 4
AL505_St21.2| Ostreococcus tauri 18S_21.2_forward |18S_21.2_reverse |54.3127 N 11.1936 E |Kiel Area 15 1,76 2
AL505_St21.3|Ostreococcus tauri 18S_21.3 forward |185_21.3 reverse |54.3127 N 11.1936 E |Kiel Area 15 1,763, 4
AL505_St21.4|Ostreococcus tauri 18S_21.4 forward |18S_21.4 reverse |54.3127 N 11.1936 E |Kiel Area 15 1,76(2, 4
AL505_St04.3 | Ostreococcus mediterraneus |18S_4.3 forward |185 4.3 reverse |54.343 N 10.3015E |Kiel Area 15| 1,13|1, 4
AL505_St19.1|Ostreococcus tauri 18S_19.1 forward [18S_19.1_reverse |55.3643 N 15.1774 E [Bornholm Basin 10| 2,14|1, 4
AL505_St19.5| Ostreococcus mediterraneus |18S 19.5 forward |185 19.5 reverse |55.3643 N 15.1774 E |Bornholm Basin 10| 2,14|3, 4
AL505_St19.9| Ostreococcus tauri 18S_19.9 forward [18S_19.9 reverse |55.3643 N 15.1774 E [Bornholm Basin 10| 2,14 3]
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593  Figure 1. Sampling locations and experimental set-up: The pico-phytoplankton communities from
594  which we isolated Ostreococcus sp. were collected during two research cruises in March and August
595 2018 and originate from Kiel and Bornholm area (panel a). Eight successfully isolated strains of
596  Ostreococcus sp. were exposed to 15°C and 22°C (panel b) in four consequent experiments and
597  monitored daily for growth via tracking cell numbers (panel c). In addition, we measured net primary
598  production daily (panel d) in experiment 1-3 and in experiment 4 we investigated potential growth on
599  organic carbon at three time points of the microbial growth curve (panel e).
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603  Figure 2. Growth rates are shown here at 22°C (red) at early, mid and late exponential phase in the
604  left panel and at 15°C (blue) and 22°C (red) at mid exponential phase in the right panel. Note that for
605  the growth rate at mid exponential phase we used a logarithmic curve fit to al numbers collected
606  during the experiment whereas early and late exponential growth rates were estimated via INn(N¢-N.1)
607  three days prior and after the day where growth was maximum. All points show mean +/- 1 SE
608 including n=15 and n=9 for Kiel and Bornholm, respectively. Triangles present the growth rate of each
609  experimental unit.
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613  Figure 3. Net primary production (NetP= is shown here at 22°C (red) at early, mid and late
614  exponential phase in the left panel and at 15°C (blue) and 22°C (red) at mid exponential phase in the
615  right panel. Note that the axes are different between the panels due to the strong increase in net
616  primary production from early to mid exponential phase. All points show mean +/- 1 SE including
617 n=15 and n=9 for Kiel and Bornholm, respectively. Triangles present the net primary production of
618  each experimental unit.
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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 a 15°C (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.
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Figure 5. Relative change in cell numbers on the different carbon compound groups. The colours 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 atotal of triplicate/source measurements of 4 or 2
strains for Kiel and Bornholm samples, respectively.
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