Global warming and oligotrophication lead to increased lipid production in marine phytoplankton
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ABSTRACT
Earth temperature is rising and oligotrophication is becoming apparent even in coastal seas.  In this changing environment, phytoplankton use carbon and nutrients to form important biomolecules, including lipids. However, the link between lipid production and changing environment is still unexplored. Therefore, we investigated the phytoplankton lipid production in the diatom Chaetoceros pseudocurvisetus cultures under controlled temperatures ranging from 10 to 30 C and nutrient regimes mimicking oligotrophic and eutrophic conditions. Results were compared to plankton community’s lipid production in the northern Adriatic at two stations considered as oligotrophic and mesotrophic during an annual monthly sampling. In order to gain detailed information on the investigated system, we supplemented lipid data with chlorophyll a concentrations, phytoplankton taxonomy, cell abundances and nutrient concentration along with hydrographic parameters. We found enhanced particulate lipid production at higher temperatures, and substantially higher lipid production in oligotrophic conditions. Enhanced lipid production has two opposing roles in carbon sequestration; it can act as a retainer or a sinker. Lipid remodeling, including change in ratio of phospholipids and glycolipids, is more affected by the nutrient status, than the temperature increase. Triacylglycerol accumulation was observed under the nitrogen starvation.
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Introduction
Global warming is defined as an increase in combined air and sea surface temperatures (T) averaged over the globe and over a 30-year period (IPCC, 2018). If the warming continues at this rate, it is likely to reach an increase above 1.5 °C between 2030 and 2052, in respect to pre-industrial levels (IPCC, 2018). Increase in T leads to the variable acceleration of both, chemical as well as biological reactions. For example, biologically important processes such as photosynthesis and respiration react differently to ambient T changes. The T rise strongly favors respiration leading to conversion of organic carbon back to CO2 (Allen et al., 2005).  Global warming might also induce a series of cascading feedbacks in both terrestrial and marine carbon cycling processes (Boscolo-Galazzo et al., 2018). Many uncertainties exist in understanding (i) the quality and quantity of produced organic matter (OM) in surface productive layer, (ii) factors influencing the increased/decreased OM production, and (iii) the OM transport into deep ocean layers. These are important factors influencing the vertical redistribution of bioactive elements within the ocean, also impacting carbon sequestration and consequently climate change.
Oligotrophication across the world oceans is evidenced by measured decrease in chlorophyll a concentrations (Agusti et al., 2017) and reduced primary production (Behrenfeld et al., 2006). In Europe, the air T increased for 0.9 °C from 1901 to 2005, and consequently decreased precipitation (35-40%) was noted. This resulted in decreased river nutrient inputs, which were identified as one of the main causes of oligotrophication. Oligotrophicaton was particularly noted in the southern Europe, including the northern Adriatic watershed (Cozzi and Giani, 2011). Increased T also leads to greater stratification of the water column and reduced diffusion of the vertical nutrient supply (Agusti et al., 2017). 
Phytoplankton are responsible for almost half of the total global primary production (Field et al., 1998). Within phytoplankton, diatoms are the most abundant and ecologically most successful group (Malviya et al., 2016), playing a significant role in OM production and carbon cycling in the marine ecosystem (Obata et al., 2013). By fixing CO2 and consuming nutrients they synthesize carbohydrates, proteins, and lipids (Zulu et al., 2018). Lipids are an important component of marine productivity and an integral part of particulate organic matter (Parrish, 1988). As high-energy components rich in carbon, they are metabolic fuel as well as membrane and signal molecules for all organisms (Arts et al., 2009). Phytoplankton’s ability to adapt to the changing environment is reflected in the production of variety of lipids (Thompson, 1996). Characterization of marine lipids on the molecular level enables their use as biogeochemical markers. They are useful in identification of sources and cycling of OM, as well as phytoplankton adaptation to the environmental stress (Guschina and Harwood, 2009). The distribution between different lipid classes and quantity of lipids depend on environmental factors and the stage of the cell cycle of primary producers (Zhukova and Aizdaicher, 2001). 
Lipids are hydrophobic molecules structured mostly of hydrophobic fatty acid chains. In addition, many lipids have a hydrophilic head (phospholipids, glicolipids, betaine lipids). The hydrophobic character of lipids influences their accumulation on hydrophobic phase boundaries, such as the sea surface where they can be readily transformed by rich microbial community and ultraviolet radiation (UV) (Cunliffe et al., 2013). Hydrophilic parts of the molecule enable their adsorption onto mineral particles and larger high molecular weight organic particles (Morris and Eglinton, 1977). Futhermore, they interact with bulk carbohydrates via hydrogen bonding, nonpolar and electrostatic interactions (Kozarac et al., 2000). These processes might be responsible for fast sedimentation of particle associated lipids to sea or ocean floor. Therefore, lipids may have potential to sequester carbon from the upper ocean when associated with sinking particles. It was found that lipid-like material is a significant source of the uncharacterized organic carbon in the ocean (Hwang and Druffel, 2003). Recent studies highlighted the importance of lipid saturation for the carbon export from the surface to the deep ocean (Gašparović et al., 2016; 2017b; 2018a). Moreover, highly unsaturated novel phospholipids, possibly formed by cross-linking of unsaturated compounds in oceanic depths, are selectively preserved in the ocean. That made them both phosphorus and carbon carriers to the ocean deepths (Gašparović et al., 2018b).
In this study, we aimed to investigate an impact of two environmental factors, T and nutrient availability, on lipid production by phytoplankton. We intended to determine which of these two factors could have more impact and if there is synergetic effect of the high T and nutrient scarcity. We first preformed experiments on phytoplankton monocultures in the laboratory and then proceeded to the in situ survey of the northern Adriatic ecosystem. As a model phytoplankton, we have chosen a diatom from the Chaetoceros family, common in the northern Adriatic (Bosak et al., 2016). We performed microcosm experiments in nutrient replete and depleted conditions, covering the recently registered data of the northern Adriatic annual T and nutrient variations. The northern Adriatic (Fig. 1) is characterized by a gradient of trophic conditions, from meso- and eutrophic (western) to oligotrophic (eastern) parts (Justić et al., 1995). Additionally, the northern Adriatic has large annual T variations (8 – 30 °C), especially in the upper water column (Gašparović, 2012). Our study provides an important contribution to projecting phytoplankton responses to future anthropogenic drivers.
Methods
Laboratory experiments 
Monoclonal culture establishment
For the study of T influence on the cell growth and lipid production, we selected a representative Chaetoceros taxon. Chaetoceros occurs in the northern Adriatic all year round indicating its possibility to accommodate to wide T range (Bosak et al., 2016). We manually isolated one chain of Chaetoceros from a mesh sample collected at the SJ101 station in October 2014 (Fig. 1), and identified it as Chaetoceros pseudocurvisetus. The successfully grown monoclonal culture was maintained in f/2 medium (Guillard, 1975) at 15 °C, 4500 lux, on 12:12 h light/dark photoperiod, and was sub-cultured every 2–3 weeks. 
DNA analysis
We performed a DNA analysis to confirm the microscopically preformed identification. We confirmed that the cultivated species was indeed Chaetoceros pseudocurvisetus. For the DNA extraction, 30 ml of the monoculture in exponential growth phase, was filtered through the 1.2 µm cellulose filter (Merck Millipore) and frozen at -80 ºC. Genomic DNA was extracted and amplified following methodology described in Smodlaka Tanković et al. (2018). The obtained sequences were first aligned and then analyzed using software Geneious 11.1.5 (Kearse et al., 2012). For search and comparison of data with NCBI GenBank database BLAST algorithm was used (Altschul et al., 1997; Benson et al., 2010). We used the large subunit 28S as DNA barcode. The Nucleotide BLAST similarity search found the 28S sequence in the Gene Bank database (Theriot et al., 2010), and it showed 100% pairwise identity (on 100/ query cover) with the sequences. The small and large subunit ribosomal RNA gene partial sequence was deposited in the GeneBank under accession numbers MG385841 FOR 18S DNA and MG385842 for 28S DNA.
Chaetoceros pseudocurvisetus cultures
In the experiment, C. pseudocurvisetus was cultured in 850 ml sterile VWR® Tissue Culture Flasks (VWR, Radnor, Pennsylvania), under five T (10, 15, 20, 25 and 30 °C) representing the T range in the northern Adriatic (Gašparović et al., 2012). Light intensity was 4500 LUX, and the cultures were maintained in the 12:12 h light/dark photoperiod. We adjusted the optimum concentrations of nutrients according to nutrient replete f/2 medium (Guillard, 1975). In the replete medium, average of orthophosphate (PO4) was 36.33±6.56 µmol/l and dissolved inorganic nitrogen (DIN=NO3+NO2+NH4) of 1059±181.1 µmol/l.  In phosphorous depleted (P-depleted) medium PO4 concentrations were 0.6±0.1 µmol/l. Concentrations of DIN in nitrogen depleted medium (N-depleted) were 7.6±1 µmol/l. Concentration of nutrients was measured before inoculation of cells. Corresponding N/P ratios were 29.4, 1765, and 0.2 for replete P-depleted and N-depleted media, respectively. Aseptic techniques in all culture manipulations were used, even though the cultures were monoclonal rather than axenic. To ensure a low organic content, seawater was taken during the winter on the oligotrophic side of the northern Adriatic, when phytoplankton activity was low. Collected water was pre-filtered through 0.7 µm Whatman GF/F filters and rested for 2 months in the dark. Rested water was filtered again through sterile 0.22 µm white plain filters (Merck Milipore ltd.), and boiled in microwave (Keller et al., 1988) before adding sterile media amendments. 
We started the experiment by inoculating 105 cells into each 800 ml batch culture medium, in duplicates. Before inoculation, cells were kept in f/2 replete media in 250 ml VWR® Tissue Culture Flasks (VWR, Radnor, Pennsylvania) under T of experiment. To establish the grow rate of C. pseudocurvisetus, we preformed cell counts every two days with Fuchs-Rosenthal Chamber hemocytometer under an Olympus BX51-P polarizing microscope. We terminated the growth by filtering samples through 0.7 µm Whatman GF/F filters, at the beginning of the stationary phase. Filters cleaned of organic matter by pre-burning at 450°C for 4h were used. After filtration, filters were frozen at -80°C and stored until the lipid extraction.
In order to calculate DIN and PO4 uptake ratios, their concentrations were determined at the beginning and at the end of 15 °C batch culture experiments, using standard spectrophotometric methods (Parsons et al., 1984). DIN and PO4 uptake ratios were calculated as the difference between their initial and final concentrations.
Total particulate organic matter (POC) was measured using the high-temperature catalytic oxidation method. POC was analyzed by solid sample module SSM-5000A connected to Shimadzu TOC-VCPH carbon analyzer, calibrated with glucose (Sugimura and Suzuki, 1988). POC concentrations were corrected based on blank filter measurements. The average filter blank with the instrument blank corresponds to 0.005 mg/1. The reproducibility for the glucose standard was 3%.
Alkaline phosphatase activity
To determine the C. pseudocurvisetus alkaline phosphatase activity (APA), an additional experiment was performed. C. pseudocurvisetus (initial concentrations 1.65 x 105 cell/l) was inoculated in triplicate in the replete and P-depleted medium. Culture batches were incubated at 15 °C, with a light dark cycle of 12:12 h, in sterile 250 ml vented culture flasks (easy flasks, Nuclon, Denmark). The experiment lasted for 10 days. The APA was measured on days 3, 6, 8, and 10. The APA was measured by florogenic substrate, methylumbeliferyl phosphate (MUF-P), according to the procedure described in Hoppe (1983). The MUF-P was dissolved in 2-methoxyethanol and diluted in filtered (0.22 µm pore size) and autoclaved sea water prior to use. Fifty µL of substrate (concentration 250 µΜ) was added in 200 µL of live monoclonal cultures (final concentration 50 µM). The MUF-P hydrolysis product methylumbelliferone (MUF) fluorescence was measured by Tecan M200 Pro spectrofluorimeter (excitation at 365 nm and emission at 460 nm). The reaction was incubated at 16°C in the dark and fluorescence was measured at intervals of 0, 10, 30 and 60 minutes. The fluorescence increased linearly over the incubation time. The APA (nmol/lxs) was calculated as the difference between two measurements divided by the incubation time after calibration of instrument with the MUF. To produce a standard curve, a range of the MUF concentrations (0-1500 μM) was used. Cell-specific activity was calculated by dividing APA by the cell abundance.
In situ measurements
Site description, environmental measurements and sample collection 
The northern Adriatic is a shallow basin, with an average depth of 30 m (Orlić et al., 1992). It is under eutrophic pressure by the Po River at its western part and oligotrophic influence from the middle Adriatic Sea at the eastern part (Djakovac et al., 2012). In warmer months (from April to October) anticyclonic circulation in the central and eastern part of the northern Adriatic induces a strong southeast current known as Istrian Coastal Countercurrent (ICCC) (Supić et al., 2003) (Fig.1). ICCC transports nutrient replete water toward eastern, oligotrophic part of the northern Adriatic, where it increases primary production (Giani et al., 2012). 
We performed the sampling at two northern Adriatic stations with opposing trophic conditions. Station SJ101 is situated close to the Po River inflow and is usually considered eu-mesotrophic. Station RV001 is situated 1 nautical mile from the city of Rovinj, and is prevalently oligotrophic (Fig. 1). Surface water samples (0 m) were collected monthly, during research vessel Vila Velebita cruises from March 2013 to March 2014. In June, December, and February, sampling was not possible due to the bad weather conditions. Seawater T and salinity (S) were determined by CTD probe (SBE 25 Sea logger CTD, Sea-Bird Electronics, Inc., Bellevue, Washington, USA). Water samples for the analysis of nutrients, chlorophyll a (Chl a), lipids, and phytoplankton were collected with 5 l Niskin bottles. 
For the lipid analysis, 3 l of water was pre-filtered through a 200 m stainless steel screen and collected in glass bottles. Pre-filtration was preformed to remove larger particles including zooplankton. Immediately after, seawater sample was filtered on 0.7 µm pore size grade GF/F Whatman® glass microfiber filters, cleaned of organic matter by pre-burning at 450 °C for 4h. Filters were stored in cryotubes, first in liquid nitrogen, and then at -80 °C until further analysis.
Subsamples for  nitrate (NO3), nitrite (NO2) and orthophosphate (PO4) determination were measured on board by standard spectrophotometric methods (Parsons et al., 1984). Ammonium (NH4) was analyzed using modified indo-phenol method (Ivančić and Degobbis, 1987). 
For chlorophyll a (Chl a) determination, subsamples were filtered on GF/C Whatman® glass microfiber filters. Filters were grinded and Chl a was extracted in 90% acetone for 3h to 24 h (Arar and Collins, 1997) in the dark. Final Chl a concentrations were determined by turner TD-700 fluorimeter (Parsons et al., 1984). 
Quantitative and qualitative phytoplankton analysis
Samples (200 ml) for the identification and enumeration of phytoplankton cells were preserved in neutralized formaldehyde (2% final concentration) solution (Kemika d.d. Zagreb, Croatia) (Throndsen, 1978). Phytoplankton cells were enumerated (Utermöhl method) using an inverted microscope (Zeiss Axiovert 200; Zeiss GmbH, Oberkochen, Germany) equipped with phase contrast and differential interference contrast optics (Lund et al., 1958; Utermöhl, 1958). Phytoplankton were identified to the lowest possible taxonomic rank using determination keys listed in Godrijan et al. (2012). 
Lipid extraction and analysis
We have extracted particulate lipids by one–phase solvent mixture of dichloromethane–methanol–water (Blight and Dyer, 1959). As an internal standard, we added 10 µg n-hexadecanone into each sample. After extraction, samples were evaporated under nitrogen atmosphere to dryness and stored at -20 °C. Right before lipid separation, samples were re-dissolved in 20 – 40 µl dichloromethane. Eighteen lipid classes were separated on Chromarods SIII and quantified by an external calibration with standard lipid mixture and by thin–layer chromatography–flame ionization detection (TLC–FID) (Iatroscan MK–VI, Iatron, Japan), with a hydrogen flow of 160 ml/min and air flow of 2000 ml/min (Gašparović et al., 2015; 2017a). Each sample was analyzed in duplicate. Total lipid concentration is a sum of all lipid classes quantified by the flame ionization. Determined lipids include following classes: wax esters and sterol esters (WE/SE); fatty acid methyl esters (ME); fatty ketone hexadecanone (KET, internal standard); triacylglycerols (TG); free fatty acids (FFA); fatty alcohols (ALC); 1,3-diacylglycerols (1,3 DG); sterols (ST); 1,2-diacylglycerols (1,2 DG); pigments (PIG); monoacylglycerols (MG); mono- and di-galactosyldiacylglycerols (MGDG and DGDG); sulfoquinovosyldiacylglycerols (SQDG), phosphatidylglycerols (PG); phosphatidylethanolamines (PE); and phosphatidylcholine (PC). Concentration of glycolipids (GL) is expressed as a sum of MGDG, DGDG, and SQDG; and phospholipids (PL) as a sum of PG, PE, and PC. Analysis procedure was described by Gašparović et al. (2017) in detail. We would like to point out that in the monoculture experiment we discussed WE/SE TLC band as SE, while in the northern Adriatic samples the band was discussed as WE. Namely, WE are zooplankton storage lipids (Lee et al., 2006) and cannot be found in phytoplankton monocultures. Since the WE/SE TLC band contains only small amounts of sterol esters (Hudson et al., 2001) it is referred to as zooplankton wax esters for the northern Adriatic samples.
Data analysis 
We calculated the growth rate with the equation:

No and Nm are algal concentrations at the beginning and at the end of batch culture experiment, and t is time in days (Thompson et al., 1992). 
To evaluate the relationship between different measured parameters Principal Component Analysis (PCA) in Statistica Release 7 software was used. The strength of a linear association between two variables was evaluated by Pearson correlation coefficientsusing Excel 2016 software.
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[bookmark: _Toc524012987]Chaetoceros pseudocurvisetus physiology 
We have studied the effect of T changes and nutrient availability on the growth rate and lipid production of diatom C. pseudocurvisetus. The cells were grown at 10, 15, 20, 25 and 30 °C, and in three opposing media: replete, P- depleted, and N-depleted. C. pseudocurvisetus cell counts, growth rates, and average carbon content are presented in Table 1. As a measure of the cell carbon content we used POC and normalized it to cell numbers. This was done because all POC in the experiment was produced during C. pseudocurvisetus growth, as it was zero at the beginning of the experiment. These data were used to calculate percentage of intracellular lipid carbon (carbon allocated to lipids). 
Maximum cell abundance was detected at 15 °C for all batches, and minimum was detected at 10 °C for replete, at 20 °C for P-depleted and at 30 °C for N-depleted. There is a significant difference in growth rates depending on T and medium. The highest growth rate in replete and N-depleted growth was detected between 20 °C and 25 °C, and lowest at 10 °C. In P-depleted medium, the highest growth rate was detected at 15 °C, and lowest at 10 °C and 20 °C. The number of days for the cultures to reach the stationary phase were 14.2±1.6, 10.7±0.5, 7.2±0.2, 7.7±0.0, 8.7±0.5 for 10, 15, 20, 25 and 30 °C, respectively.
To investigate if C. pseudocurvisetus overcomes the PO4 deficiency by alkaline phosphatase (AP) activation, we measured APA of batch cultures grown in replete and P-depleted media at 15 C (Fig. 2). C. pseudocurvisetus activate AP at both growing conditions. Cell-specific APA was much higher in cultures grown under P-limited conditions. 
[bookmark: _Toc524012988]We tested the DIN/PO4 uptake for C. pseudocurvisetus grown at 15°C, what is considered as optimal T for their growth (Novak et al., 2018). N/P uptake ratio was 16.4±0.2 in replete medium which corresponds to the Redfield ratio (Redfield, 1934). More phosphorous was consumed (N/P=2.6±0.3) in N-depleted and more nitrogen (N/P=72.9±4.2) in P-depleted medium.
Chaetoceros pseudocurvisetus lipid production 
[bookmark: _Ref479082727]The T and nutrient availability (Fig. 3 and supplementary Table S1) affected lipid production. To get an insight into lipid production we normalized lipids to number of cells. Lipid classes are divided in two groups. First, the cell lipids with two subgroups: (i) lipids that are located predominantly in membranes (membrane lipids) (PL, GL, ST, and PIG) and (ii) intracellular reserve lipids (SE, inert storage forms of sterols, and TG being phytoplankton metabolic energy reserves). Second group are free fatty acids, alcohols, diacylglycerols, and monoacylglycerols that represent cell lipid degradation indices (DI). Membrane lipids have the highest contribution in cell lipids. C. pseudocurvisetus synthesized the lowest cell lipids quantity at 15 °C in replete < P-depleted < N-depleted order. The highest lipid content was detected at 30 °C in replete < N-depleted < P-depleted order. In the T range 20 to 30 °C, the cell lipid content increased more than twice under nutrient depleted conditions, compared to replete conditions. Phospholipid cell content increased in N-limited, as well as in P-limited conditions. TG cell content was the highest for N-depleted cultures. The highest contribution of lipid carbon to the total carbon was at 30 °C under all described growth conditions. The lowest contribution of lipid carbon to the total carbon was at 10 °C under N-depleted, 15 °C under P-depleted and 20 °C under the replete conditions. The highest content of cell membrane lipids was detected at 30 °C. Reserve lipids also have the highest content in total lipids at 30 °C, with an exception of P-depleted medium where the highest content was measured at 15 °C. DI content per cell was the highest at 30 °C, following the cell lipids trend.
The contribution of membrane lipid classes to cell lipids varies depending on T and growth medium. As calculated (Supplementary Table S1) GL contribution (%GL) was the highest at 15 °C in all batches (max. in replete 56.4%). The highest PL contribution (%PL) was detected at 30 °C in replete medium (45.3%), at 20 °C in P-depleted medium (47.7%), and at 25 °C in N-depleted medium (26.2%). PIG contributions (%PIG) peaked at 30 °C in replete medium (11.1%), at 25 °C in both N-depleted (25.6%) and P-depleted medium (7.7%). In general, ST contributions (%ST) exhibited a decreasing trend with T. TG contribution (%TG) tended to increase at high T for replete and P-depleted growth conditions. At N-depleted conditions %TG was high at all T and much higher in comparison to replete and P-depleted media (an average of 15.7±2.1%).
To evaluate the relationship between T and produced cell lipids distribution, which might suggest cell lipid remodeling, the principal component analysis (PCA) for each culture medium was preformed (replete, P-depleted, and N-depleted) (Fig. 4). PCA of nutrient replete conditions explained 82.8% total variability between seven variables. The first principal component (PC1) had the highest negative loadings for temperature T, %PL, and %PIG, whereas, positive loadings were observed for %GL and %ST. Such distribution of variables indicates increased PL and PIG contribution, and decreased GL and ST contribution with T rise. Reserve lipids TG and SE contributions were not correlated with the T rise.
PCAs of P-depleted conditions explained 77.8% of the total variability between seven variables. The T dominated at positive value of PC2 and correlated only with %TG. Other variables did not correlate to T. Such distribution indicates that P depletion is more important for the lipid classes’ distribution than T rise. PCAs of the N-depleted conditions explained 87.1% of total variability between seven variables. The T dominated at the positive value of PC2 and correlated only with %SE. Other variables did not correlate to T. Therefore, we assume that nitrogen depletion is more important for the lipid classes’ distribution than T rise.
The strength of a linear association between two variables from the PCA analysis for all growth conditions are evaluated by Pearson correlation coefficients, r (Supplementary Table S2). Although there are multiple influences on a particular lipid parameter, Pearson correlation coefficients are significant for those parameters that appeared significantly correlated in the PCA analysis.
[bookmark: _Toc524012989]Northern Adriatic
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We investigated the influence of T and nutrient availability on lipid production at two northern Adriatic stations, SJ101 and RV001, with contrasting trophic status. T (Fig. 5a) at both stations revealed sinusoidal annual curves with maxima in July and August, and a minimum in March 2013. Station SJ101 had higher nutrient concentrations (Figs. 5c and d) than station RV001 that correlated with S variations (Fig. 5b). Average surface PO4 and DIN concentrations were 0.12 µmol/l and 15.33 µmol/l, respectively, for station SJ101, and 0.05 µmol/l and 2.22 µmol/l, respectively, for station RV001. Exact values for described parameters are given in the Supplementary Table S3.
Chl a distribution (Fig. 6a) followed the distribution of nutrients, with higher concentrations observed at station SJ101 (0.09-10.02 µg/l). The highest peak was detected in March at station SJ101 (10.02 µg/l). Concentrations of Chl a were much lower at RV001 (0.16-0.76 µg/l) with maximum in November, in accordance to regular autumn water column mixing.
[bookmark: _Toc524012991]Phytoplankton abundances and taxonomy (nano and micro fraction) were determined for both stations. The contribution of Chaetoceros taxa in the phytoplankton community is given in Fig. 6b. Higher dominance of Chaetoceros taxa was determined in March 2013 at station SJ101, with the highest contribution in total phytoplankton community (50%). All sets of values for Chl a and the contributions of Chaetoceros taxa, from Fig. 6, are given in the Supplementary Table S3.
Lipid production and composition
[bookmark: _Ref479248187]Starting from the fact that phytoplankton is the main lipid producer in seas and oceans (Gašparović et al., 2014), we normalized lipid concentration to Chl a (Fig. 7, Supplementary Table S3). The highest cell lipid/Chl a values were calculated for July at both stations, when T was 24.67 °C for station SJ101 and 23.41 °C for station RV001. The cell lipid/Chl a ratio was more or less uniform within T range from 10 to 20 °C, while there was a rise from 20°C upward at both stations. Although, lipid production at station RV001 was much lower than at SJ101, there was also lower phytoplankton biomass (measured as Chl a, Fig. 6a). Consequently, there was a higher average ratio of cell lipid/Chl a for station RV001. The average values were 48.4 and 56.1 for stations SJ101 and RV001, respectively. The highest PL cellular content was measured in July at station SJ101, and the lowest was in March with measured temperatures: 24.67°C and 14.33 °C, respectively. In general, higher content of PL/Chl a was detected at the nutrient poorer station RV001 than at the nutrient richer station SJ101. The highest and lowest GL cellular contents were measured at station SJ101 in September (T = 21.8 °C) and March (T = 14.33 °C), respectively. The trend of lipid content degradation indices (DI) per Chl a followed the trend of total cell lipids content, with the highest values observed during the warmer season.
As can be calculated from the lipid data and the measured temperature (Supplementary Table S3), the lipid classes contribution to the cell lipids decrease in the following order: membrane lipids > degradation indices > reserve lipids. The highest contribution of membrane lipids to the total lipids was measured in September at station SJ101 (91.64%) at T 21.82 °C, and the lowest contribution in August at station SJ101 (51.4%) at low T 24.07°C. The membrane lipids contribution was on average 66.0±10.1% at SJ101, and 65.5±8.4% at RV001. GL at station SJ101 (average 42.9±9.2 %) and PL at station RV001 (average 46.8±6.5 %) were among the highest contributors to the membrane lipids. ST and PIG had a low contribution to membrane lipids: on average ST and PIG contributed 15.4±6.9%, and 3.5±2.8%, respectively to the total membrane lipids at station SJ101; and at station RV001 9.7±3.5%, and 5.0±2.7%, respectively. Reserve lipids (TG and WE) had a small contribution to the total lipids. Based on the results presented in the Supplementary Table S3, average contribution of TG to the total lipids was calculated to be 4.0±3.5% at station SJ101, and 4.3±3.1% at station RV001. Months with higher dissolved inorganic nitrogen (DIN) inputs (>10 µmol/l) had lower TG contribution (2.7±1%). The average contributions of WE to the total lipids were 2.5±1.2%, and 4.8±2.5% at stations SJ101 and RV001, respectively. 
We preformed PCA to evaluate the relationship between T, contribution of lipid classes to the total lipids (indicating lipid remodeling), and available nutrients for both northern Adriatic stations. Two PCAs of northern Adriatic stations SJ101 and RV001 (Figs. 8a and b), explained 56.5% and 62.7% of the total variability among 9 variables. Temperature, %TG, and %PIG were not correlated in the plane defined by PC1 and PC2 at station SJ101 (Fig. 8a). PC1 had the highest positive value for DIN, PO4, %ST, and %GL and the highest negative value for %PL and %WE. The strength of a linear association between two variables from PCA were evaluated by Pearson correlation coefficients, r (Supplementary Table S5). Although, there are multiple influences on a particular lipid parameter, Pearson correlation coefficients were mainly significant for those parameters that appeared significantly correlated in the PCA. Results indicate that at the nutrient richer station, nutrient availability is more important for the lipid classes’ distribution than T. The PCA at station RV001 (Fig. 8b) shows that T had the greatest negative loading of PC2 together with %GL, while the highest positive loadings of PC2 were for %TG and %WE. This suggests that the GL contribution increases with T rise. The greatest positive PC1 loadings were evident for DIN, %PL, and %PIG.  The greatest negative PC1 loadings were for %ST. The PO4 variable was not correlated in the plane defined by PC1 and PC2. The %PL and %GL were inversely correlated for both stations, indicating their interchange depending on the environmental conditions. Pearson correlation coefficients were predominantly significant for those parameters that appeared significantly correlated in the PCA analysis (Supplementary Table S5).
We aimed to evaluate the influence of nutrient availability on cell lipid distribution under both the optimal and high T scenarios. We preformed a PCA for the T range 15-20 C, which is considered an optimal T range for phytoplankton growth. This was compared to PCA for the T range from 20 to 25 C considered as the high T range for phytoplankton growth (Figs. 9a and b). For the optimal T range the PC1 had the greatest positive loadings for DIN and %ST (Fig. 9a), while the greatest negative PC1 loadings were noted for %TG, %WE, and %PIG. The greatest positive PC2 loadings were for PO4 and %PL, while the greatest negative loading on PC2 was for %GL. This indicates that at the optimal T range northern Adriatic lipid class distribution is „by the book“. This includes more PL and less GL at higher PO4 concentrations (Van Mooy et al., 2006), as well as an increase in TG contribution which coincide with a decrease in DIN availability (Bourguet et al., 2009; Parrish and Wangersky, 1987). Pearson correlation coefficients were mostly significant for those parameters that appeared significantly correlated in the PCA analysis (Supplementary Table S6).
For the higher T range the greatest positive PC1 loadings were for %PL, %PIG, %TG, and %WE (Fig. 9b), while %GL and DIN had the greatest negative effect on PC1. Variables PO4 and %ST were explained by PC2 with negative loading values. The PO4 increase does not result in greater PL contribution to total lipids. PCA shows that the relationship between nutrients and lipid classes is more complex at higher T than at the optimal T range, indicating the important role of higher T for the lipid biochemistry. Pearson correlation coefficients were mostly significant for those parameters that appeared significantly correlated in the PCA analysis (Supplementary Table S6).

Discussion 
Phytoplankton response to T increase and nutrient availability reduction was the focus of our study. We investigated the possible cascade effect on lipid production in response to T rise as the primary, and nutrient depletion as the secondary, ecosystem influence. We compared the experimental results of the model diatom Chaetoceros with a one-year monthly sampling of the complex northern Adriatic system, a characteristic coastal sea ecosystem highly influenced by the global change processes. Prior studies noted the importance of T influence on phytoplankton metabolism referring to lipid production (e.g. Opute, 1974; Toseland et al., 2013), but they rarely took into account both laboratory and in situ experiments. During our one-year sampling period (2013-2014) T higher than 25 °C were not observed at RV001 and SJ101, even though there were events of surface water T up to 30 °C in northern Adriatic (e.g. Novak et al., 2018).
Each phytoplankton species has an optimal T range for growth. An optimum T for C. pseudocurvisetus growth is 15 °C. At this T, the highest cell abundance and the lowest lipid cell content were measured, together with the lowest primary production directed to dissolved fraction (Novak et al., 2018). The highest T used in the C. pseudocurvisetus cultivation (30 °C) lead to the cell abundance stagnation and significant cell lipid accumulation. Increased cellular content of lipids at the highest growth T parallels C. pseudocurvisetus reduced reproduction. We assume that reproduction slowed down due to thermo-sensitivity of enzymes involved while accumulation of lipids continued. However, at the lowest T growth (10°C) C. pseudocurvisetus showed high lipid cellular content as well. Sharma et al. (2012) have shown that under optimal growth conditions, also regarding T range, large amount of phytoplankton biomass is produced, with relatively low lipid content. Growing in environmentally unfavorable conditions, many phytoplankton species alter their lipid biosynthetic pathways towards the formation and accumulation of neutral ones (Sharma et al., 2012). This is observed for Ochromonas danica in T range 15 to 30 °C (Aaronson, 1973), three diatoms N. paleacea  in T range 15-25 °C N. closterium and Isochrysis sp. (PS 11) in T range 20-30 °C (Renaud et al., 1995). However, opposing to our and referenced findings two Chaetoceros species, C. cymplex and C. gracilis, showed a decline in lipid per cell in T range from 10 to 25 °C (Thompson et al., 1992). Other six investigated microalgae species showed inconsistent relationship between T and lipid content (Thompson et al., 1992). Nonetheless, at the extreme high or low growth T a decrease has been observed in the microalgae lipid production (Aaronson, 1973; Opute, 1974). Opute (1974) suggested that this effect was caused by discontinuation of growth due to irreversible damage on enzymes. Our experiment was based on T range typically occurring in the NA, and major extremes (below 10 and above 30 °C), were not taken into account. Within this T range C. pseudocurvisetus was able to grow and reproduce, and no discontinuation of growth was observed. However, we unsuccessfully tried to grow C. pseudocurvisetus at 7 C since cells did not divide.
In addition to T, increased lipid production in C. pseudocurvisetus is also affected by lack of nutrients. Phosphorus scarcity appeared to have a greater role in lipid accumulation at higher T. Oppositely; nitrogen deprivation has a higher influence on enhanced lipid cell accumulation at lower T. As an example, N starvation resulted in increased  total lipid content of cell for some species up to 50% (Schuhmann et al., 2012).
The northern Adriatic phytoplankton community followed the tendency of C. pseudocurvisetus monoculture experiment. The highest lipid content per Chl a was observed in winter and particularly in warmest summer months. Together with significant increase in cell lipids, lipid degradation indices content increased with rising T, both, for C. pseudocurvisetus cultures as well as the northern Adriatic phytoplankton community. This suggests that the enhanced lipid production and lipid degradation processes take place at high T. P-depleted conditions influence even greater lipid accumulation as observed at P-depleted station RV001. This indicates that nutrient scarcity has an additional effect on phytoplankton lipid accumulation alongside the high T, as shown in the example of the northern Adriatic.
The T rise and nutrient shortage influence higher production of all lipid classes, as observed in monoculture experiments and for the northern Adriatic. There are two major membrane lipids PL and GL. PL mainly reside in the plasma membrane and many endoplasmic membrane systems, while GL are enriched in the chloroplast (Guschina and Harwood, 2009). We detected higher PL content per Chl a for the nutrient poorer station RV001. The same increased PL content per cell was observed for C. pseudocurvisetus grown in both P and N scarcity. We propose that PL quota for cells living in replete conditions is lower in comparison to depleted conditions. This could be due to PL dilution during higher rate of cell divisions in replete condition. Also, cell that are in nutrient stress, and cannot successfully divide, might store P in phospholipids (Abida et al., 2015). In case of favorable environmental conditions, P from PL could be re-allocated to any P containing molecule important for vital function(s) (e.g. DNA and RNA). Additional forms of P reserves for PL synthesis in cells are polyphosphates (Martin et al., 2014). Polyphosphates might be formed in cells that were pre-grown in nutrient replete conditions, and used during cell growth under investigated nutrient depleted conditions. GL accumulation was observed at temperatures higher than 19 °C in the northern Adriatic. This accumulation was explained as a mechanism to achieve thermal stability (Gašparović et al., 2013).
Scarcity of N is reflected in the increased content of TG per cell or per Chl a. C. pseudocurvisetus accumulates lipids in N-depleted medium, mostly due to significant increase of TG, approximately two times more than in other conditions. In situ samples respond in the same pattern, the oligotrophic northern Adriatic station RV001 showed higher TG production when compared to mesotrophic station SJ101. Increased TG/Chl a was observed at both stations for months when the lowest DIN concentrations were measured. Nonetheless, N-limitation can be overcome by nitrogen fixation by marine diazotrophs in oceans and seas (Capone, 2001). Diatoms are found to have N fixation (Poulton et al., 2009), N storage (Lomas and Glibert, 2000) and direct utilization of organic N (Morando and Capone, 2018) capabilities. A general trend of TG accumulation as a response to N-depletion has been observed in numerous taxa (Sharma et al., 2012; Thompson, 1996). 
There is a synergetic impact of T rise and nutrient scarcity on lipid remodeling. The nutrient status appeared to be more important for lipid composition remodeling than T, at least within T range covered by our investigation. Lipid remodeling occurs in higher T range, in particular phospholipid remodeling, indicating that increased T interferes with PL biosynthesis. The contribution of PL and GL to the cell lipids interchange depends on T and nutrient availability. Decreased PL contribution to cell lipids, at the expense of GL, was promoted by P scarcity, this was observed for both the P depleted station RV001 and in P-depleted C. pseudocurvisetus cultures. At optimal T range (15-20 C) lipid classes' distribution followed published trends. This entailed enhanced PL contribution in P favorable conditions in parallel with decline in GL (Van Mooy et al., 2006), and accumulation of TG that followed DIN depletion (Bourguet et al., 2009; Parrish and Wangersky, 1987). 
C. pseudocurvisetus metabolism changed in dependence to nutrient availability. C. pseudocurvisetus used N and P in Redfield ratio 16.4±0.2 indicating a balanced metabolism in the nutrient favorable medium. The metabolism was directed towards the synthesis of N-rich molecules in the P-depleted medium (Grosse et al., 2017), indicated by the high ratio of N/P uptake (72.9±4.2). Under these conditions cells have several mechanisms to overcome P-deficiency by itself, including alkaline phosphatase (AP) activation (Hoppe, 2003) (also employed by C. pseudocurvisetus) and PL substitution with GL: SQDG (Van Mooy et al., 2006; 2009; Martin et al., 2011), betaine lipid (Van Mooy et al., 2009; Martin et al., 2011), and DGDG (Hartel et al., 2000). While N-limitation with DIN concentration <1 µmol/L (Justić et al., 1995) was occasionally noticed in the northern Adriatic (Gašparović et al., 2013), the northern Adriatic is a P-limited sea (Ivančić et al., 2016). Phytoplankton can form P reserves in the form of polyphosphates when P favorable conditions occur (Martin et al., 2014; Romans et al., 1994). The northern Adriatic phytoplankton community, especially diatoms, under P deficiency, induces great APA in order to obtain P from dissolved organic matter (Ivančić et al., 2016; 2012). C. pseudocurvisetus N/P uptake (2.6±0.3) was low in N-depleted medium, indicating lower N-containing molecules synthesis (enzymes, proteins). This leads to TG accumulation, molecules containing only carbon, hydrogen and oxygen. 
High T and oligotrophication influence cell carbon allocation toward the synthesis of carbon rich molecules, including lipids. This will be reflected in the modification of the carbon pump, as different biomolecules have different decay constants. The highest decay constant have carbohydrates and it further decreases from proteins to lipids (Benner and Amon, 2015). The efficiency of lipids in carbon sequestration might be antagonistic. Lipid buoyancy very likely enhances their retention in the surface layer of the ocean, where remineralization processes take place. However, their adsorption to particles (Morris and Eglington, 1977) influences lipid removal to deeper ocean/sea layers via the sedimentation process. Accumulation of GL, as observed in nutrient poorer station RV001, may assist more successful lipid sedimentation. Namely, GL are less attractive substrates for microbial degradation, due to their molecular composition (carbon, hydrogen, sulphur, and oxygen), without the essential P and N. 

Conclusions

With this study, we can conclude that rising sea T caused enhanced lipid accumulation for the Chaetoceros pseudocurvisetus and northern Adriatic phytoplankton population. This effect was more pronounced in conditions of nutrient scarcity. Taking into account monoculture experiments, P scarcity enhanced lipid accumulation at higher T more than N depletion, while it was opposite for lower T. Between the two influential parameters on lipid synthesis, lack of nutrients had a greater role. We assume that oligotrophic seas and oceans, like tropical oceans and the eastern Mediterranean Sea, would be areas of higher lipid accumulation. Consequently, this change in carbon allocation will be reflected in the carbon pump alteration as different biomolecules have different biogeochemistry in water column.

Acknowledgements
We would like to thank Dr. Robert Precali for Chl a data. Jasna Jakovčević and Margareta Buterer are greatly acknowledged for sample collection and analyses of nutrients and Chl a. We thank Ivan Grabar for C. pseudocurvisetus cultures' nutrient analysis. We thank the crew of the R/V Vila Velebita for their professional help and support. We also thank Brittney Honisch and Dr. Catherine Mitchell for their help with English language edits. This work was funded by the grants from the Croatian Science Foundation under the projects IP-11-2013-8607 8607 Appearance and interaction of biologically important organic molecules and micronutrient metals in marine ecosystem under environmental stress and Life strategies of phytoplankton in the northern Adriatic UIP-2014-09-6563.
References
Aaronson, S., 1973. Effect of Incubation Temperature on the Macromolecular and Lipid Content of the Phytoflagellate Ochromonas Danica. J. Phycol. 9, 111–113. https://doi.org/10.1111/j.0022-3646.1973.00111
Abida, H., Dolch, L.-J., Meï, C., Villanova, V., Conte, M., Block, M.A., Finazzi, G., Bastien, O., Tirichine, L., Bowler, C., Rébeillé, F., Petroutsos, D., Jouhet, J., Maréchal, E., 2015. Membrane Glycerolipid Remodeling Triggered by Nitrogen and Phosphorus Starvation in Phaeodactylum tricornutum. Plant Physiol. 167, 118–136. https://doi.org/10.1104/pp.114.252395
Agusti, S., Martinez-Ayala, J., Regaudie-de-Gioux, A., Duarte, C.M., 2017. Oligotrophication and metabolic slowing-down of a NW Mediterranean coastal ecosystem. Front. Mar. Sci. 4, 432. https://doi.org/10.3389/fmars.2017.00432
Allen, A.P., Gillooly, J.F., Brown, J.H., 2005. Linking the global carbon cycle to individual metabolism. Funct. Ecol. 19, 202–213. https://doi.org/10.1111/j.1365-2435.2005.00952
Altschul, S.F., Madden, T.L., Schäffer, A.A., Zhang, J., Zhang, Z., Miller, W., Lipman, D.J., 1997. Gapped BLAST and PSI-BLAST: a new generation of protein database search programs. Nucleic Acids Res. 25. https://doi.org/http://dx.doi.org/10.1093/nar/25.17.3389
Arar, E.J., Collins, G.B., 1997. In Vitro Determination of Chlorophyll a and Pheophytin a in Marine and Freshwater Algae by Fluorescence. Method 445.0. https://doi.org/10.1007/BF02229570
Arts, M.T., Kainz, Marti, J., Brett, Michael, T., 2009. Lipids in aquatic ecosystem. Springer Dordrecht Heidelberg London New York, New York. https://doi.org/10.1007/978-0-387-89366-2
Behrenfeld, M.J., O’Malley, R.T., Siegel, D.A., Mcclain, C.R., Sarmiento, J.L., Feldman, G.C., Milligan, A.J., Falkowski, P.G., Letelier, R.M., Boss, E.S., 2006. Climate-driven trends in contemporary ocean productivity. Mar. Sci. 444, 4469–5741. https://doi.org/10.1038/nature05317
Benner, R., Amon, M.W., 2015. The Size-Reactivity Continuum of Major Bioelements in the Ocean. Annu. Rev. Mar. Sci. 7, 185–205. https://doi.org/10.1146/annurev-marine-010213-135126
Benson, D.A., Karsch-Mizrachi, I., Lipman, D.J., Ostell, J., Sayers, E.W., 2010. GenBank. Nucleic Acids Res. 38, D46–D51. https://doi.org/10.1093/nar/gkp1024
Blight, E.G., Dyer, W.J., 1959. A Rapid Method of Total Lipid Extraction and Purification. Can. J. Biochem. Physiol. 37, 911–917.
Bosak, S., Godrijan, J., Šilović, T., 2016. Dynamics of the marine planktonic diatom family Chaetocerotaceae in a Mediterranean coastal zone. Estuar. Coast. Shelf Sci. 180, 69–81. https://doi.org/10.1016/j.ecss.2016.06.026
Boscolo-Galazzo, F., Crichton, K.A., Barker, S., Pearson, P.N., 2018. Temperature dependency of metabolic rates in the upper ocean: A positive feedback to global climate change? Glob. Planet. Change 170, 201–212. https://doi.org/10.1016/j.gloplacha.2018.08.017
Bourguet, N., Goutx, M., Ghiglione, J.-F., Pujo-Pay, M., Mével, G., Momzikoff, A., Mousseau, L., Guigue, C., Garcia, N., Raimbault, P., Pete, R., Oriol, L., Lefèvre, D., 2009. Lipid biomarkers and bacterial lipase activities as indicators of organic matter and bacterial dynamics in contrasted regimes at the DYFAMED site, NW Mediterranean. Deep Sea Res. Part II Top. Stud. Oceanogr. 56, 1454–1469. https://doi.org/10.1016/j.dsr2.2008.11.034
Capone, D.G., 2001. Marine nitrogen fixation: What’s the fuss? Curr. Opin. Microbiol. 4, 341–348. https://doi.org/10.1016/S1369-5274(00)00215-0
Cozzi, S., Giani, M., 2011. River water and nutrient discharges in the Northern Adriatic Sea: Current importance and long term changes. Cont. Shelf Res. 31, 1881–1893. https://doi.org/10.1016/J.CSR.2011.08.010
Cunliffe, M., Engel, A., Frka, S., Gašparović, B., Guitart, C., Murrell, J.C., Salter, M., Stolle, C., Upstill-Goddard, R., Wurl, O., 2013. Sea surface microlayers: A unified physicochemical and biological perspective of the air–ocean interface. Prog. Oceanogr. 109, 104–116. https://doi.org/10.1016/J.POCEAN.2012.08.004
Djakovac, T., Degobbis, D., Supić, N., Precali, R., 2012. Marked reduction of eutrophication pressure in the northeastern Adriatic in the period 2000-2009. Estuar. Coast. Shelf Sci. 115, 25–32. https://doi.org/10.1016/j.ecss.2012.03.029
Field, C., Behrenfeld, M., Randerson, J., and Falkowski, P., 1998. Primary production of the biosphere: inte- grating terrestrial and oceanic components. Science. 281, 237-240. https://doi.org/10.1126/science.281.5374.237
Gašparović, B., 2012. Decreased production of surface-active organic substances as a consequence of the oligotrophication in the northern Adriatic Sea. Estuar. Coast. Shelf Sci. 115, 33–39. https://doi.org/10.1016/J.ECSS.2012.02.004
Gašparović, B., Godrijan, J., Frka, S., Tomažić, I., Penezić, A., Marić, D., Djakovac, T., Ivančić, I., Paliaga, P., Lyons, D., Precali, R., Tepić, N., 2013. Adaptation of marine plankton to environmental stress by glycolipid accumulation. Mar. Environ. Res. 92, 120–132. https://doi.org/10.1016/j.marenvres.2013.09.009
Gašparović, B., Frka, S., Koch, B.P., Zhu, Z.Y., Bracher, A., Lechtenfeld, O.J., Neogi, S.B., Lara, R.J., Kattner, G., 2014. Factors influencing particulate lipid production in the East Atlantic Ocean. Deep. Res. Part I 89, 56–67. https://doi.org/10.1016/j.dsr.2014.04.005
Gašparović, B., Kazazić, S.P., Cvitešić, A., Penezić, A., Frka, S., 2015. Improved separation and analysis of glycolipids by Iatroscan thin-layer chromatography-flame ionization detection. J. Chromatogr. A 1409, 259–267. https://doi.org/10.1016/j.chroma.2015.07.047
Gašparović, B., Penezić, A., Lampitt, R.S., Sudasinghe, N., Schaub, T., 2016. Free fatty acids, tri-, di- and monoacylglycerol production and depth-related cycling in the Northeast Atlantic. Mar. Chem. 186, 101–109. https://doi.org/10.1016/j.marchem.2016.09.002
Gašparović, B., Kazazić, S.P., Cvitešić, A., Penezić, A., Frka, S., 2017a. Corrigendum to “Improved separation and analysis of glycolipids by Iatroscan thin-layer chromatography–flame ionization detection” [J. Chromatogr. A 1409 (2015) 259–267]. J. Chromatogr. A 1521, 168–169. https://doi.org/10.1016/j.chroma.2017.09.038
Gašparović, B., Penezić, A., Lampitt, R.S., Sudasinghe, N., Schaub, T., 2017b. Depth-related cycling of suspended nitrogen-containing lipids in the northeast Atlantic. Org. Geochem. 113, 55–66. https://doi.org/10.1016/J.ORGGEOCHEM.2017.07.008
Gašparović, B., Penezić, A., Frka, S., Kazazić, S., Lampitt, R.S., Holguin, F.O., Sudasinghe, N., Schaub, T., 2018a. Particulate sulfur-containing lipids: Production and cycling from the epipelagic to the abyssopelagic zone. Deep. Res. Part I Oceanogr. Res. Pap. 134, 12–22. https://doi.org/10.1016/j.dsr.2018.03.007
Gašparović, B., Penezić, A., Lampitt, R.S., Sudasinghe, N., Schaub, T. 2018b. Phospholipids as a component of the oceanic phosphorus cycle. Mar. Chem. 250, 70–80. https://doi.org/10.1016/j.marchem.2018.08.002
Giani, M., Djakovac, T., Degobbis, D., Cozzi, S., Solidoro, C., Umani, S.F., 2012. Recent changes in the marine ecosystems of the northern Adriatic Sea. Estuar. Coast. Shelf Sci. 115, 1–13. https://doi.org/10.1016/j.ecss.2012.08.023
Godrijan, J., Marić, D., Imešek, M., Janeković, I., Schweikert, M., Pfannkuchen, M., 2012. Diversity, occurrence, and habitats of the diatom genus Bacteriastrum (Bacillariophyta) in the northern Adriatic Sea, with the description of B. jadranum sp. nov. Bot. Mar. 55. https://doi.org/10.1515/bot-2011-0021
Grosse, J., Burson, A., Stomp, M., Huisman, J., Boschker, H.T.S., 2017. From Ecological Stoichiometry to Biochemical Composition: Variation in N and P Supply Alters Key Biosynthetic Rates in Marine Phytoplankton. Front. Microbiol. 8, 1299. https://doi.org/10.3389/fmicb.2017.01299
Guillard, R.R.L., 1975. Culture of Phytoplankton for Feeding Marine Invertebrates. Cult. Mar. Invertebr. Anim. 29–60.
Guschina, I.A., Harwood, J.L., 2009. Algal lipids and effect of the environment on their biochemistry, in: Arts, Michael, T., Kainz, Martin, J., Brett, Michael, T. (Eds.), Lipids in Aquatic Ecosystems. Springer Dordrecht Heidelberg London New York, New York, pp. 1–24. https://doi.org/10.1007/978-0-387-89366-2
Hartel, H., Dormann, P., Benning, C., 2000. DGD1-independent biosynthesis of extraplastidic galactolipids after phosphate deprivation in Arabidopsis. Proc. Natl. Acad. Sci. 97, 10649–10654. https://doi.org/10.1073/pnas.180320497
Hoppe, H.-G. 1983. Significance of exoenzymatic activities in the ecology of brackish water: Measurements by means of methylumbelliferyl-substrates. Mar. Ecol. Prog. Ser. 11, 299–308. https://doi.org/10.3354/meps011299
 Hoppe, H.-G., 2003. Phosphatase activity in the sea. Hydrobiologia 493, 187–200. https://doi.org/10.1023/A:102545391
Hudson, E.D., Helleur, R.J., Parrish, C.C., 2001. Thin-layer chromatography-pyrolysis-gas chromatography-mass spectrometry: A multidimensional approach to marine lipid class and molecular species analysis. J. Chromatogr. Sci. 39, 146–152. https://doi.org/10.1093/chromsci/39.4.146
Hwang, J., Druffel, E.R.M., 2003. Lipid–like material as the source of the uncharacterized organic carbon in the ocean? Science 299, 881–884. https://doi.org/10.1126/science.1078508
Intergovermental Panel on Climate Change, 2018. Special Report on Global warming of 1.5°C (SR15); Headline Statements.
Ivančić, I., Degobbis, D., 1987. Mechanisms of production and fate of organic phosphorus in the northern Adriatic Sea. Mar. Biol. 94, 117–125. https://doi.org/10.1007/BF00392904
Ivančić, I., Godrijan, J., Pfannkuchen, M., Maric, D., Gašparović, B., Djakovac, T., Najdek, M., 2012. Survival mechanisms of phytoplankton in conditions of stratification-induced deprivation of orthophosphate : Northern Adriatic case study. Limnol. Oceanogr. 57, 1721–1731. https://doi.org/10.4319/lo.2012.57.6.1721
Ivančić, I., Pfannkuchen, M., Godrijan, J., Djakovac, T., Marić Pfannkuchen, D., Korlević, M., Gašparović, B., Najdek, M., 2016. Alkaline phosphatase activity related to phosphorus stress of microphytoplankton in different trophic conditions. Prog. Oceanogr. 146, 175–186. https://doi.org/10.1016/J.POCEAN.2016.07.003
Justić, D., Rabalais, N.N., Turner, R.E., Dortch, Q., 1995. Changes in nutrient structure of river-dominated coastal waters: Stoichiometric nutrient balance and its consequences. Estuar. Coast. Shelf Sci. 40, 339–356. https://doi.org/10.1016/S0272-7714(05)80014-9
Kearse, M., Moir, R., Wilson, A., Stones-Havas, S., Cheung, M., Sturrock, S., Buxton, S., Cooper, A., Markowitz, S., Duran, C., Thierer, T., Ashton, B., Meintjes, P., Drummond, A., 2012. Geneious Basic: An integrated and extendable desktop software platform for the organization and analysis of sequence data. Bioinformatics 28, 1647–1649. https://doi.org/10.1093/bioinformatics/bts199
Keller, M.D., Bellows, W.K., Guillard, R.R.L., 1988. Microwave treatment for sterilization of phytoplankton culture media. J. Exp. Mar. Bio. Ecol. 117, 279–283. https://doi.org/10.1016/0022-0981(88)90063-9
Kozarac, Z., Ćosović, B., Möbius, D., Dobrić, M., 2000. Interaction of polysaccharides with lipid monolayers. J. Colloid Interface Sci. 226, 210–217. https://doi.org/10.1006/jcis.2000.6839
Lee, R.F., Hagen, W., Kattner, G., 2006. Lipid storage in marine zooplankton. Mar. Ecol. Prog. Ser. 307, 273–306. https://doi.org/10.3354/meps307273
Lomas, M.W., Glibert, P.M., 2000. Comparisons of nitrate uptake, storage, and reduction in marine diatoms and flagellates. J. Phycol. 36, 903–913. https://doi.org/10.1046/j.1529-8817.2000.99029.x
Lund, J.W.G., Kipling, C., Le Cren, E.D., 1958. The inverted microscope method of estimating algal numbers and the statistical basis of estimations by counting. Hydrobiologia 11, 143–170. https://doi.org/10.1007/BF00007865
Malviya, S., Scalco, E., Audic, S., Vincent, F., Veluchamy, A., Poulain, J., Wincker, P., Iudicone, D., de Vargas, C., Bittner, L., Zingone, A., Bowler, C., 2016. Insights into global diatom distribution and diversity in the world’s ocean. Proc. Natl. Acad. Sci. U. S. A. 113, E1516-25. https://doi.org/10.1073/pnas.1509523113
Martin, P., Van Mooy, B.A.S., Heithoff, A., Dyhrman, S.T., 2011. Phosphorus supply drives rapid turnover of membrane phospholipids in the diatom Thalassiosira pseudonana. ISME J. 5, 1057-1060. https://doi.org/10.1038/ismej.2010.192
Martin, P., Dyhrman, S.T., Lomas, M.W., Poulton, N.J., Van Mooy, B.A.S., Karl, D.M., 2014. Accumulation and enhanced cycling of polyphosphate by Sargasso Sea plankton in response to low phosphorus. Proc. Natl. Acad. Sci. U. S. A. 111, 8089–8094. https://doi.org/10.1073/pnas.1321719111
Morando, M., Capone, D.G., 2018. Direct Utilization of Organic Nitrogen by Phytoplankton and Its Role in Nitrogen Cycling Within the Southern California Bight. Front. Microbiol. 9, Article 2118. https://doi.org/10.3389/fmicb.2018.02118
Morris, R.J., Eglinton, G., 1977. Fate and recycling of carbon compounds. Mar. Chem. 5, 559–572.
Novak, T., Godrijan, J., Pfannkuchen, D.M., Djakovac, T., Mlakar, M., Baricevic, A., Tanković, M.S., Gašparović, B., 2018. Enhanced dissolved lipid production as a response to the sea surface warming. J. Mar. Syst. 180, 289–298. https://doi.org/10.1016/j.jmarsys.2018.01.006
Obata, T., Fernie, A.R., Nunes-Nesi, A., 2013. The central carbon and energy metabolism of marine diatoms. Metabolites 3, 325–346. https://doi.org/10.3390/metabo3020325
Opute, F.I., 1974. Studies on Fat Accumulation in Nitzschia palea Kütz. Ann. Bot. 38, 889–902.
Orlić, M., Gačić, M., La Violette, P., 1992. The currents and circulation of the Adriatic. Oceanol. Acta 15, 109–124.
Parrish, C.C., Wangersky, P.J., 1987. Particulate and dissolved lipid classes in cultures of Phaeodactylum tricornutum grown in cage culture turbidostats with a range of nitrogen supply rates. Mar. Ecol. Prog. Ser. 35, 119–128.
Parrish, C.C., 1988. Dissolved and particulate marine lipid classes: a review. Mar. Chem. 23, 17–40. https://doi.org/10.1016/0304-4203(88)90020-5
Parsons, T.R., Maita, Y., Lalli, C.M., 1984. A manual of chemical and biological methods for seawater analysis. Pergamon Press. https://doi.org/https://doi.org/10.1016/C2009-0-07774-5
Poulton, A.J., Stinchcombe, M.C., Quartly, G.D., 2009. High numbers of Trichodesmium and diazotrophic diatoms in the southwest Indian Ocean. Geophys. Res. Lett. 36, 1–4. https://doi.org/10.1029/2009GL039719
Redfield, A.C., 1934. On the Proportions of Organic Derivatives in Sea Water and Their Relation to the Composition of Plankton. Univ. Press Liverpool, James Johnstone Meml. Vol. 176–192. https://doi.org/citeulike-article-id:11236440
Renaud, S.M., Zhou, H.C., Parry, D.L., Thinh, L. Van, Woo, K.C., 1995. Effect of temperature on the growth, total lipid content and fatty acid composition of recently isolated tropical microalgae Isochrysis sp., Nitzschia closterium, Nitzschia paleacea, and commercial species Isochrysis sp. (clone T.ISO). J. Appl. Phycol. 7, 595–602. https://doi.org/10.1007/BF00003948
Romans, K.M., Carpenter, E.J., Bergman, B., 1994. Buoyancy Regulation in the Colonial Diazotrophic Cyanobacterium Trichodesmium Tenue: Ultrastructure and Storage of Carbohydrate, Polyphosphate, and Nitrogen. J. Phycol. 30, 935–942. https://doi.org/10.1111/j.0022-3646.1994.00935.x
Schuhmann, H., Lim, D.K., Peer, &, Schenk, M., 2012. Perspectives on metabolic engineering for increased lipid contents in microalgae. Biofuels 3, 71–86. https://doi.org/10.4155/bfs.11.147
Sharma, K.K., Schuhmann, H., Schenk, P.M., 2012. High Lipid Induction in Microalgae for Biodiesel Production. Energies 5, 1532–1553. https://doi.org/10.3390/en5051532
Smodlaka Tanković, M., Baričević, A., Ivančić, I., Kužat, N., Medić, N., Pustijanac, E., Novak, T., Gaš parović, B., Marić Pfannkuchen, D., Pfannkuchen, M., 2018. Insights into the life strategy of the common marine diatom Chaetoceros peruvianus Brightwell. https://doi.org/10.1371/journal.pone.0203634
Sugimura, Y., Suzuki, Y., 1988. A high-temperature catalytic oxidation method for the determination of non-volatile dissolved organic carbon in seawater by direct injection of a liquid sample. Mar. Chem. 24, 105–131. https://doi.org/10.1016/0304-4203(88)90043-6
Supić, N., Orlić, M., Degobbis, D., Djakovac, T., Krajčar, V., Precali, R., 2003. Occurrence of the istrian coastal countercurrent in 2000, a year with a mucilage event. Geofizika 18, 45–57.
Theriot, E.C., Ashworth, M., Ruck, E., Nakov, T., Jansen, R.K., 2010. A preliminary multigene phylogeny of the diatoms (Bacillariophyta): challenges for future research. Plant Ecol. Evol. FastTrack, 278–296. https://doi.org/10.5091/plecevo.2010.418
Thompson, P.A., Guo, M., Harrison, P.J., 1992. effects of Variation in Temperature. I. On the Biochemical Composition of Eight Species of Marine Phytoplankton. J. Phycol. 28, 481–488. https://doi.org/https://doi.org/10.1111/j.0022-3646.1992.00481.x
Thompson, G.A., 1996. Lipids and membrane function in green algae. Biochim. Biophys. Acta - Lipids Lipid Metab. 1302, 17–45. https://doi.org/10.1016/0005-2760(96)00045-8
Throndsen, J., 1978. Preservation and storage, in: Sournia, A. (Ed.), Phytoplankton Manual. UNESCO, Paris, p. 337.
Toseland, A., Daines, S.J., Clark, J.R., Kirkham, A., Strauss, J., Uhlig, C., Lenton, T.M., Valentin, K., Pearson, G.A., Moulton, V., Mock, T., 2013. The impact of temperature on marine phytoplankton resource allocation and metabolism. Nat. Clim. Chang. 3, 979–984. https://doi.org/10.1038/nclimate1989
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Figure captions	
Fig. 1. Map of sampling stations SJ101 and RV001 in the northern Adriatic Sea with the scheme of winter prevailing Eastern Adriatic Current (EAC), Western Adriatic Current (WAC) and summer prevailing Istrian Coastal Countercurrent (ICCC) (after Supić et al. (2003)). 
Fig. 2. Cell-specific alkaline phosphatase activity (sAPA) of C. pseudocurvisetus for growth in replete (triangles) and P-depleted (circles) medium. 
Fig. 3. Main parameters of lipid production normalized to C. pseudocurvisetus cell abundance in three different batch cultures, replete (left pannel), P- (middle pannel) and N-depleted (right pannel) at five temperatures (10, 15, 20, 25 and 30 C) at the end of the experiments. Abbreviations: sterol esters (SE), triacylglycerols (TG), sterols (ST), pigments (PIG), phospholipids (PL), glycolipids (GL), and degradation indices (DI).
Fig. 4. Principal component analysis (PCA) for the variables; temperature (T), contribution of different lipid classes to total cell lipids: triacylglycerol (%TG), sterol ester (%SE), sterol (%ST), pigment (%PIG), phospholipid (%PL), and glycolipid (%GL) at replete (a), P-depleted (b) and N-depleted (c) growth conditions.
Fig. 5. The northern Adriatic environmental parameters: temperature (a), salinity (b), orthophosphate (c) and dissolved inorganic nitrogen (d) at the mesotrophic station SJ101 (triangles) and oligotrophic station RV001 (circles) during the investigation period in 2013-2014.
Fig. 6. The northern Adriatic phytoplankton status. Chlorophyll a (a) and contribution of Chaetoceros taxa abundance to phytoplankton community abundance (b) at the mesotrophic station SJ101 (triangles) and the oligotrophic station RV001 (circles) during the investigation period in 2013-2014.
Fig. 7. Lipid production measured at stations SJ101 (left pannel) and RV001 (right pannel) of the northern Adriatic in the period from March 2013 to March 2014. All lipid values are given based on Chl a. Abbreviations: sterol esters (SE), triacylglycerols (TG), sterols (ST), pigments (PIG), phospholipids (PL), glycolipids (GL), and degradation indices (DI).
Fig. 8. Principal component Analysis (PCA) for variables; temperature (T), dissolved inorganic nitrogen (DIN), orthophosphate (PO4), contribution of cell lipid classes: triacylglycerol (%TG), wax esters (%WE), sterols (%ST), pigments (%PIG), phospholipids (%PL), glycolipids (%GL) measured at two northern Adriatic stations SJ101 (a) and RV001 (b).
Fig. 9. Principal component Analysis for variables; temperature (T), dissolved inorganic nitrogen (DIN), orthophosphate (PO4), contribution of cell lipid classes: triacylglycerol (%TG), wax esters (%WE), sterols (%ST), pigments (%PIG), phospholipids (%PL), glycolipids (%GL) measured for the both northern Adriatic stations for two temperature ranges, 15-20 °C (a) and 20-25 °C (b).


Table captions
Table 1. Cell number counted at stationary growth phase, growth rate and average carbon content for Chaetoceros pseudocurvisetus grown at five different temperatures and different media (replete, P- and N-depleted)
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Fig. 1. Map of the locations of sampling stations SJ101 and RV001 in the northern Adriatic Sea with the scheme of winter prevailing Eastern Adriatic Current (EAC), Western Adriatic Current (WAC) and summer prevailing Istrian Coastal Countercurrent (ICCC) (after Supić et al. (2003)). 
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Fig. 2. Alkaline phosphatase activity (APA) of C. pseudocurvisetus for growth in replete (triangles) and P-depleted (circles) medium. 


[image: ]
Fig. 3. Main parameters of lipid production normalized to cell abundance in three different batch cultures (replete, P- and N-depleted) at five temperatures (10, 15, 20, 25 and 30 C): total cell lipids (a), reserve lipids (b), membrane lipids (c), and degradation indices (d) at the end of the experiments.
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[bookmark: _Ref479169460]Fig. 4. Principal component analysis (PCA) for the variables; temperature (T), contribution of different lipid classes to total cell lipids: triacylglycerol (%TG), sterol ester (%SE), sterol (%ST), pigment (%PIG), phospholipid (%PL), and glycolipid (%GL) at replete (a), P-depleted (b) and N-depleted (c) growth conditions. 
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Fig. 5. The northern Adriatic environmental parameters: temperature (a), salinity (b), orthophosphate (c) and dissolved inorganic nitrogen (d) at the mesotrophic station SJ101 (triangles) and oligotrophic station RV001 (circles) during the investigation period in 2013-2014.
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[bookmark: _Ref479166316]Fig. 6. The northern Adriatic phytoplankton status. Chlorophyll a (a) and contribution of Chaetoceros taxa abundance to phytoplankton community abundance (b) at the mesotrophic station SJ101 (triangles) and the oligotrophic station RV001 (circles) during the investigation period in 2013-2014.


[image: ]Fig. 7. Lipid production measured at stations SJ101 and RV001 of the northern Adriatic in the period from March 2013 to March 2014. Results are given for total cell lipids (a), reserve lipids (b), membrane lipids (c), and degradation indices (d). All lipid values are given based on Chl a.
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Fig. 8. Principal component Analysis (PCA) for variables; temperature (T), dissolved inorganic nitrogen (DIN), orthophosphate (PO4), contribution of cell lipid classes: triacylglycerol (%TG), wax esters (%WE), sterols (%ST), pigments (%PIG), phospholipids (%PL), glycolipids (%GL) measured at two northern Adriatic stations SJ101 (a) and RV001 (b).
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Fig. 9. Principal component Analysis for variables; temperature (T), dissolved inorganic nitrogen (DIN), orthophosphate (PO4), contribution of cell lipid classes: triacylglycerol (%TG), wax esters (%WE), sterols (%ST), pigments (%PIG), phospholipids (%PL), glycolipids (%GL) measured for the both northern Adriatic stations for two temperature ranges, 15-20 °C (a) and 20-25 °C (b).
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