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Abstract

Two main parameters that structure the marine ecosystem by affecting species distribution, abundance, com-
munity structure, timing of major life cycle events, and trophic state of the ecosystem are temperature and nutri-
ent availability. Faced with climate change, eukaryotic plankton cope at multiple levels through physiological
accommodation, adaptive evolution, shift in time and/or space of habitat, and/or community responses. Thirty-
two years of our phytoplankton research indicate that Chaetoceros curvisetus/pseudocurvisetus adjust to climate
change more successfully than the majority of the accompanying phytoplankton taxa in the mesotrophic part of
the NW Adriatic Sea, the Mediterranean. While the abundance of the entire accompanying phytoplankton com-
munity has decreased significantly since 2003 (the period of the northern Adriatic warming and oli-
gotrophication) compared to the previous period (1986-2003), the abundance of C. curvisetus/pseudocurvisetus
remained unchanged, while its contribution to the community increased significantly. Accommodation strategies
include a change in the timing of high abundance and blooms in the surface layer and successful blooming in the
deeper layers during warm months. Apart from the observed in situ accommodation, physiological acclimation to
warming may involve changes in photosynthesis, respiration, growth, and cell biochemistry. Here, we conducted
laboratory experiments with C. pseudocurvisetus to investigate how warming affects its biochemical response
through the fatty acid remodeling of phospholipid classes. Long-term field observations and short-term laboratory
experiments suggest that marine diatoms C. curvisetus/pseudocurvisetus are potential global winners with the ability
to acclimate/adapt to climate change.

The amount of solar energy absorbed by the atmosphere is
increasing as a result of the increased amount of greenhouse
gases. The seas and oceans are changing. Climate-related
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changes include increases in water temperatures, acidification,
and deoxygenation, leading to changes in ocean circulation and
sea level rise. Temperature is an important physical variable
structuring the marine ecosystem and has a direct influence on
the distribution and composition of marine species, community
structure, species abundance, timing of major life cycle events,
and the trophic state of the ecosystem (Richardson 2008). The
availability of inorganic nutrients is an important chemical
parameter affecting the global distribution, productivity, and
size of phytoplankton (Behrenfeld et al. 2006). The Mediterra-
nean Sea, including the northern Adriatic, is a hot spot in terms
of sea temperature rise (Pastor et al. 2018). The consequences of
exacerbating the effects of climate change on the Adriatic Sea
are warming of seawater, an increase in salinity, and a decrease
in phosphorus that are caused by the decrease in average annual
rivers’ discharges (Grilli et al. 2020).

One of the most important goals in marine research is to
assess the potential impacts of global change stressors on biolog-
ical communities (Mason et al. 2017). Marine primary producers
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are responsible for nearly half of the biosphere net primary pro-
duction (Field et al. 1998). They are responsible for most of the
flux of organic matter to both higher trophic levels and to deep
waters (Falkowski et al. 2004). Faced with climate change, phy-
toplankton evolve mechanisms aimed at achieving cellular
homeostasis via physiological and/or genetic changes through
evolution. This also includes changes in the overall phytoplank-
ton community composition (community response). The
responses are more pronounced under nutrient-poor conditions
(Filiz et al. 2020). Within phytoplankton, diatoms are the most
abundant and ecologically most successful group, contributing
for 27.7% of the total eukaryotic photosynthetic planktonic
community (Malviya et al. 2016). They contribute up to 40% of
the total ocean primary production (Nelson et al. 1995). Dia-
toms play important role in organic matter production and car-
bon cycling in the marine ecosystem (Obata et al. 2013).
Among diatoms, the Chaetoceros genus is the most abundant
and diverse group, accounting for 23.1% of all planktonic gen-
era (Malviya et al. 2016; Busseni et al. 2020).

Marine lipids are a crucial component in a number of essential
biological processes (Arts et al. 2001). They play an important
role in the marine food web and also have health benefits for
higher trophic levels including humans. Due to their heteroge-
neous nature, lipids are great biogeochemical markers for tracking
the adaptation of marine species to different environmental con-
ditions, trophic markers in food webs, and for identifying differ-
ent sources and processes of marine organic matter (Parrish
et al. 2000; Guschina and Harwood 2009). Phospholipids (PL),
including phosphatidylcholines (PC), phosphatidylinositols (PI),
phosphatidylethanolamines (PE), phosphatidic acids (PA), and
phosphatidylserines (PS), are important structural membrane
lipids that serve diverse roles in the cell (van Meer et al. 2008).
Phosphatidylglycerols (PG) are the only PL found in detectable
amounts in thylakoids. Each PL class contains a variety of molec-
ular species that are distinguished by the length and degree of
saturation of their acyl chains. Cellular organelles have lipid com-
positions that are suited to their specific functions. These parame-
ters must be kept within a certain range for the proper function
because even small changes in lipid composition can have a big
impact on membrane properties and the associated processes.
The physical properties of the membrane are influenced by both
the head group and the acyl chain composition (Holthuis and
Menon 2014). Class-level analysis of PLs is critical to understand-
ing the adaptive mechanisms of phytoplankton to various envi-
ronmental stresses (Popendorf et al. 2011). PL content in
phytoplankton can vary considerably, from a few percent to 61%
of total lipid content (Guschina and Harwood 2009; Artamonova
et al. 2017).

Here, we analyzed the long-term distribution of Chaetoceros
curvisetus/pseudocurvisetus and the total accompanying eukary-
otic phytoplankton in the Mediterranean coastal region (the NW
Adriatic), over a period from 1986 to 2017. During regular
monthly monitoring of the phytoplankton community in the
northern Adriatic Sea it was observed that in 2010 there was large
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contribution of C. curvisetus/pseudocurvisetus in the total phyto-
plankton community (J. Godrijan pers. comm.). This observa-
tion, together with the fact that the northern Adriatic is already
recognized as a sea that changes relatively rapidly under the
influence of global change (Estuarine, Coastal and Shelf Science,
vol. 115), motivated us to conduct a comprehensive analysis of
C. curvisetus/pseudocurvisetus and the accompanying phytoplank-
ton. Because of the difficulty in distinguishing between
C. curvisetus and C. pseudocurvisetus under the light microscope,
data are presented as C. curvisetus/pseudocurvisetus. We performed
analyses to determine temporal changes in the abundance
of C. curvisetus/pseudocurvisetus, total accompanying phytoplank-
ton community and resulting changes in C. curvisetus/
pseudocurvisetus community share. We tested their possible sea-
sonal changes in abundance in relation to earlier and recent
periods and changes in depth distribution. We hypothesized that
C. curvisetus/pseudocurvisetus might change their temporal bloom-
ing preferences as a result of environmental changes. Because the
two most important parameters structuring phytoplankton com-
munity are temperature and nutrient availability (here studied
trough salinity changes), we analyzed the relationships between
temperature and salinity variables (in the form of anomalies) and
C. curvisetus/pseudocurvisetus occurrences, and their community
share. Finally, we hypothesized that C. curvisetus/pseudocurvisetus
are accommodating to the observed changes in the region.

To complete the knowledge of possible mechanisms of
accommodation, it is important to investigate possible accli-
mation/s at the cellular level (changes in photosynthesis, res-
piration, growth, and cell biochemistry) in addition to
adaptation in situ. Therefore, we performed a controlled labo-
ratory cultivation of C. pseudocurvisetus at five temperatures:
10°C, 15°C, 20°C, 25°C, and 30°C, covering the annual tem-
perature range of the northern Adriatic Sea, under conditions
of high nutrient content. We studied its survival and PL fatty
acid (FA) remodeling caused by warming. We hypothesized
that C. pseudocurvisetus would remodel PL under warming con-
ditions as one of the possible acclimation mechanisms to
increasing temperature. This is because the cell membrane,
which among other things serves to protect and organize the
cell and is composed mainly of PLs, is the first to perceive envi-
ronmental changes. Studies aimed at understanding future
changes in phytoplankton communities as a result of global
warming have focused on physiological traits, including
temperature-induced changes in growth rate, and photosynthe-
sis and respiration (Huertas al. 2011; Jin and Agusti 2018;
Schaum et al. 2018). Our data are the first report of physiologi-
cal acclimation through PL FA remodeling as a result of
C. pseudocurvisetus short-term response to temperature stress.

Methods

Field study
The study was conducted in the NW Adriatic
(Mediterranean) at two stations, meso- to eutrophic stations
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Fig. 1. Long-term (1986-2017) data on phytoplankton in the NW Adriatic Sea. (a) The northern Adriatic chlorophyll a data derived from MODIS full
resolution data from 16 July 2009. This figure shows the influence of high Po River nutrient load on enhanced phytoplankton blooms at the NW Adriatic.
Marked are sampling stations. (b) Average Sea surface temperature (SST) (blue line). The gray area around the blue trend line indicates the 95% confi-
dence interval. (¢, d) Abundance of total accompanying phytoplankton (linear fits, solid lines, p < 0.001) and Chetoceros curvisetus/pseudocurvisetus (non-
significant, dash lines). (e, f) The relative contribution of C. curvisetus/pseudocurvisetus (exponential fits, solid lines, p < 0.001). Data are represented sepa-
rately for years 1986-2002 by triangles and for years 2003-2017 by circles and for two water column layers ((c, e) surface 0-5 m depth that is more
influenced by warming and higher salinity with respect to less influenced (d, f) deeper layers, 10 m to bottom). Full symbols represent total accompany-
ing phytoplankton data while open symbols C. curvisetus/pseudocurvisetus data.

101 (44°59'53"N, 12°49'48"E) and 108 (44°45'24"N, 12°45'0"E),
which are influenced by the Po River (Fig. 1a). The NW Adriatic
Sea is the northernmost part of the Mediterranean Sea. It is shal-
low with a maximum water depth of 30 m. Due to nutrient
input from the River Po, it is an area of high productivity
(Ivanc¢i¢ et al. 2012). The most important factor affecting bio-
geochemical processes is the Po River, which dilutes seawater
and brings high NO3;~ (ranging 128-202 ymol L) and PO,*~
(ranging 1.3-2.6 umol L) loads (Cozzi and Giani 2011). In
addition, there are physical parameters such as the regular sea-
sonal light cycle, the annual temperature cycle, and the surface
currents that influence the distribution of biological productiv-
ity in the region (Solidoro et al. 2009). In winter, river water is
directed southward due to the prevailing cyclonic Adriatic circu-
lation in the narrow coastal belt. During the stratification of the
water column in the warmer season, a countercurrent occurs,

called the Istrian Coastal Countercurrent (Supi¢ et al. 2000).
This anticyclonic current transports low salinity water to the
eastern part of the northern Adriatic.

Samples were taken from April 1986 to August 2017 at
depths of 0.5, 5, 10, 20 m, and the bottom (~ 30 m) using
Niskin bottles from the RV “Vila Velebita.” In parallel to sam-
pling, temperature and salinity were measured using a CTD
probe (Seabird SBE2S, Sea-Bird Electronics Inc.). The sampling
cruises were conducted under the auspices and with the per-
mission of the Croatian Ministry of Environmental Protection
and Energy. Seawater samples for phytoplankton analysis were
filtered through a 300 ym mesh plankton net immediately
after collection. Phytoplankton samples (200 mL) were pre-
served in 2% (final concentration) formaldehyde neutralized
with disodium tetraborate decahydrate, stored in a cool and
dark conditions and analyzed within 1 month after sampling.
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Quantitative and qualitative phytoplankton analysis

The spatial and temporal distribution of phytoplankton
was extracted from a long-term monitoring dataset containing
two sampling locations (Stas. 101 and 108) with approxi-
mately monthly sampling frequencies between 1986 and
2017. Subsamples of 50 mL for phytoplankton analysis were
gently homogenized and sedimented for 40 h and analyzed
using a Zeiss Axiovert 200 microscope following the Utermohl
method (Utermohl 1958). Phytoplankton cells were identified
and counted in random fields under x400 and/or x200 mag-
nification. The total phytoplankton abundance includes all
species counted in the microphytoplankton (20-200 ym) and
nanophytoplankton (2-20 ym) groups (Sieburth et al. 1978).
Phytoplankton were determined at the species level whenever
possible, using standard keys and manuals (Schiller 1937;
Tomas 1995). The accuracy of the counting method is + 10%
(Utermohl 1958). During the studied period, there were
numerous changes in taxonomy, so we updated the species
list before starting the biodiversity analyses. No taxonomic
analysis was conducted in 2008, 2009, 2012, and 2015, and
there was no sampling in May of the entire 2003-2017 period
due to regular annual maintenance of the research vessels.
Here, we elaborated a dataset of 468 samples in which
C. curvisetus/pseudocurvisetus were found.

Species isolation and culture condition setup

Since a large share of C. curvisetus/pseudocurvisetus in the
total phytoplankton community in the northern Adriatic in
the 2010s was observed (J. Godrijan pers. comm.), a
C. pseudocurvisetus colony was manually isolated with a micro-
pipette from a net sample at 20 m depth (17.08°C) in October
2014 at Sta. 101 (Fig. la). We maintained the monoclonal
batch culture in 100 mL of f/2 medium (Guillard 1975) in ster-
ile VWR tissue culture flasks (VWR) at 15°C and 4500 1x, with
a 12 : 12 h light/dark photoperiod, and subcultured it every 2—
3 weeks until May 2015, corresponding to approximately
90 generations, when the cultivation experiments started. The
culture’s genetic material is deposited in GenBank under
Accession numbers MG385841 (185 DNA) and MG385842
(28S DNA). The media was prepared using seawater from the
northern Adriatic Sea, stored in the dark for 2 months, filtered
through sterile 0.22 ym white plain filters (Merck Milipore
Ltd.), and boiled in the microwave. Media amendments were
added aseptically after sterilization. Cultivation was performed
at five temperatures: 10°C, 15°C, 20°C, 25°C, and 30 £ 0.1°C.
This temperature range represents the typical annual tempera-
ture range in the northern Adriatic Sea (Gasparovi¢ 2012). The
average initial orthophosphate (PO437) concentration was
36.33 £ 6.56 umol L. Dissolved  inorganic  nitrogen
(DIN = NO3 +NO, +NH,") concentrations were
1059 + 181.1 umol L™'. We started the experiment with
1 x 10° cells L™" in 800 mL sterile cell culture flasks (Corning
Inc.) in a thermostatic chamber (Inkolab) with 12/12 h light/
dark cycle under the illumination of ~ 4500 Ix. The light
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source was white LED whose spectral irradiance
(OceanOptics HR4000 High-Resolution Fiber Optic Spectrom-
eter) in the chamber is shown in Fig. S1. Cultures were mixed
manually twice a day. Cells were harvested on the third day
of the stationary phase: days 17, 11, 9, 11, and 10 for cultiva-
tion temperatures of 10°C, 15°C, 20°C, 25°C, and 30°C,
respectively. Nutrients were not limiting at the end of culti-
vation. Growth phase was determined by counting cells
every other day using the Fuchs-Rosenthal chamber under an
Olympus BXS51-P (Olympus) polarizing microscope. All
experiments were performed in duplicate. Before the experi-
ment, C. pseudocurvisetus cells were preconditioned to the
experimental temperature in a 50 mL cell culture flask for
2 weeks, which was between 3.5 and 9 generations
depending on the temperature.

Lipid extraction and analysis

Diatom cultures (100 mL) were filtered through 0.7 ym
Whatman GF/F filters (preburned at 450°C for 5 h) and the fil-
ters were stored at —80°C until analysis. Particulate lipid
extraction was performed using a modified method of Bligh
and Dyer (1959). Briefly, 10 mL of monophasic solution (dic-
hloromethane/methanol/deionized water, 1 : 2 : 0.8 vol/vol/
vol) and 10 pg of the standard n-nonadecanone were added to
the sliced filters in the cuvettes. They were then sonicated for
3 min, stored overnight at 4°C, filtered through a sinter funnel
into a separatory funnel, washed again with 10 mL of mono-
phasic solution, and then with 10 mL of biphasic solution
(dichloromethane/ 0.73% NacCl, 1 : 1 vol/vol). Lipids in dic-
hloromethane were collected and the extraction was repeated
with 10 mL of dichloromethane. N-nonadecanone was added
to each sample as an internal standard to estimate recoveries
in subsequent steps of sample analysis. Extracts were evapo-
rated to dryness under nitrogen flow and dissolved in 20-
50 uL dichloromethane (Merck) (arbitrarily determined based
on the researcher experience).

Thin-layer chromatography with a flame ionization detec-
tor was used to determine the lipid classes. The lipid content
determined by this method is close to the values determined
gravimetrically (Parrish 1987). Eighteen lipid classes were sepa-
rated on Chromarods SIII and quantified by external calibra-
tion with a standard lipid mixture using the Iatroscan MK-VI
(Tatron) with a hydrogen flow of 160 mL min~' and an air
flow of 2000 mL min '. Lipid calibrations were performed
based on 10-16 concentrations covering a range of 0.2 to
5.0 pg. Data (peak area vs. mass [in ug]) were fit with power
functions. Sample aliquots (2 uL) in dichloromethane were
spotted using a semiautomatic sample spotter. Each lipid
extract was analyzed in duplicate. The standard deviation
determined from the duplicate runs accounted for 3-11% of
the relative abundance of the lipid classes. The separation
scheme for all classes included seven elution steps in solvent
systems of increasing polarity. PL separation included three
classes: PC, PG, and PE. PS, PA, and PI co-elute with PC, PG,
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and PE. Protocols for them are not included due to too high
detection limits. PG were separated with the solvent mixture
acetone-chloroform-methanol-formic acid (33 : 33 : 33 : 0.6,
vol : vol : vol : vol) for 40 min. The solvent mixture
chloroform-methanol-ammonium hydroxide (50 : 50 : 5,
vol : vol : vol) for 30 min allowed PE and PC separation. The
detailed procedure for all 18 classes is described in GaSparovic¢
et al. (2015). Total lipid concentration was calculated as the
sum of all detected lipid classes, while total PL concentration
was calculated as the sum of PG, PE, and PC.

High-performance liquid chromatography (UltiMate 3000
RSLC; Dionex) electrospray ionization (tandem) mass spec-
trometry (amaZon ETD; Bruker Daltonik) was used for PL
molecular identity determination. Mobile phase A was LC-MS
grade methanol: ultrapure water (1 1 wvol/vol with
10 mmol L~! ammonium acetate and 0.1% formic acid) and
mobile phase B was LC-MS grade isopropanol (with
10 mmol L~! ammonium acetate and 0.1% formic acid). The
gradient was used as follows: 55% A/45% B at the beginning,
reaching 90% B in 40 min, 99% B in 2 min (hold 10 min),
then back to 45% B in 1 min, and equilibrate for 22 min for
the next injection. An Acquity UPLC BEH C18 column
(Waters) with a 2.1 mm x 100 mm ID and 1.7 ym particles
size was used. The column oven and the flow rate were 50°C
and 0.15 mL min~?, respectively. Before injection (10 uL), dic-
hloromethane was evaporated from the samples (after TLC
analysis) and dissolved in methanol : chloroform (1 : 2,
vol : vol) solution. Depending on the sample, between 4.0 and
17.5 ug of the lipids were injected. Mass spectrometric detec-
tion was performed using a standard ESI ion source (nebulizer
pressure 8 psi; drying gas flow rate 5 L min~'; drying gas tem-
perature 250°C; the potential on the capillary + 4500 V) oper-
ated in positive and negative modes. The PLs classes PG, PE,
PI, PA, and PS were identified as [M — H] ™ ions in the negative
mode, whereas PC was identified as [M + H]" ions in the posi-
tive mode. The data were collected in a mass range of m/
z = 100-1200 and the collision energy was set to 1 eV. Data
were collected using DataAnalysis software (Bruker Daltonik)
and analyzed using a self-developed computer programme
derived from LIPID MAPS that allows identification of the
lipid species analyzed. In-house written code was compiled
using the Microsoft C# compiler in Visual Studio (Microsoft).
The parameters were set as follows: retention time 2.05-
40 min, mass tolerance at 0.05 Da, and retention time toler-
ance at 0.1 min.

PL classes’ composition is discussed in the terms of the
diversity of PL molecular species. We present even PL FA pro-
files, ranging from 14 to 22 carbon atoms (C14-C22).

Statistical methods
Statistical analysis of field data

Statistical analyses and graphical representation of results
were performed in the R statistical environment (R version
3.6.3, R Studio 1.2.5033; R Core Team 2020). Data are
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analyzed separately for the period before (1986-2002) and
after the major warming of the northern Adriatic (2003-
2017). The data are also interpreted for two layers: the surface
(0.5-5 m depth) and the deeper, colder (10 m to the bottom
[~30m]) layer (Gasparovi¢ 2012). The base (R Core
Team 2020) and pastecs packages (Grosjean and Ibanez 2018)
were used for descriptive statistics and basic homoscedasticity
(Levene’s test), normality (Shapiro-Wilk test, QQ-plot), and
extreme value tests, whereas the ggplot2 package
(Wickham 2016) was used for graphical presentation. A signif-
icance level of 0.05 was used for all statistical analyses unless
otherwise stated.

Temporal changes in environmental variables were exam-
ined using data from the Copernicus Marine Service (CMEMs).
Satellite measurements of sea surface temperature (SST) were
obtained for coordinates 44.88°N and 12.79°E from the
cmems_SST _MED _SST L4 REP _OBSERVATIONS_010_021
dataset. Daily and monthly means for temperature in the
deeper layer (19 m depth, Tge) and salinity in both layers
(1 and 19 m depth, Sge) were obtained for the same site from
the MEDSEA_MULTIYEAR_PHY_006_004 reanalysis dataset.
We used the Splines package in R (Bates and Venables 2020) to
fit piecewise linear splines to the annual mean SST values in
the surface layer to confirm the increase in temperature over
time. The difference in annual mean temperatures between
two time periods (1986-2002 and 2003-2017) and layers (sur-
face and deeper layer) was examined using factorial robust
Anova (factors: time period, layer). Robust Anova based on
trimmed means (20% of trimming level; WRS2 package in R:
Mair and Wilcox 2020; Wilcox 2012) were used instead of
classical ANOVAs to overcome the problems associated with
deviations from homoscedasticity and to reduce the influence
of outliers observed in the data. Post hoc tests were also per-
formed in the robust WRS2 environment, while p values were
adjusted for multiple testing using the Benjamini-Hochberg
(BH) method. The multcompView package (Graves et al. 2019)
was used to convert the vector of p values to a character-based
representation in which common characters denote levels or
groups that are not significantly different.

Annual trends in abundance/community share of
C. curvisetus/pseudocurvisetus and abundance of total accompa-
nying phytoplankton were examined using regression analysis
in R (linear model, Im routine). Data were log-transformed
(base e) and grouped annually prior to analysis to stabilize var-
iances, obtain an approximately normal distribution of resid-
uals, and filter out seasonal cycles from the data. Seasonal
patterns by time period (1986-2002 and 2003-2017) and
layers (surface and deeper layer) of C. curvisetus/
pseudocurvisetus abundance/community share and total
accompanying phytoplankton abundance were assessed using
a linear mixed effects (LME) model. For each season, two fixed
effects were incorporated into the model (time period and
layer) to account for the change in the dependent variable
between periods and layers, while the random effect (years)
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was incorporated to account for the repetition of measure-
ments within a year/season. The mixed effects model was built
in R using the Ime4 package (optimizer: bobyqa) (Bates
et al. 2015). ANOVA for an unbalanced design (type III) was
used to estimate the significance of fixed effects. A compre-
hensive report on the statistical methods used to analyze the
LME model results can be found at the end of the Supporting
Information document. Phenology of C. curvisetus/
pseudocurvisetus, that is, temporal shifts in succession at a
monthly scale, were examined by post hoc Tukey test
(TukeyHSD on aov from the R base package).

To determine the relationship between the occurrence/
abundance of C. curvisetus/pseudocurvisetus and environmental
variables on a longer temporal scale, we used anomalies
instead of baseline variables to filter out the variance in the
annual cycle and intra-annual relationships. Because estimat-
ing anomalies required data sampled at higher frequencies, we
incorporated SST data and temperature and salinity values
from the CMEMS reanalysis dataset in the analysis. Monthly
temperature and salinity anomalies and 10-d average anoma-
lies were calculated with respect to the 1985-2002 mean
monthly climatology. The Splines package in R (Bates and
Venables 2020) was used to confirm the increase in anomalies
over time. For boxplots of monthly anomalies, 95% confi-
dence intervals were calculated using the Wilcoxon rank-
sum test.

To test whether the temperature and salinity anomalies
when C. curvisetus/pseudocurvisetus was detected in the second
period 2003-2017 were the same as in the first period 1986-
2002, robust factorial Anova (factors: time period, layer) based
on trimmed means (20% of trimming level), post hoc tests,
and adjustment of p values according to the BH were per-
formed in the robust WRS2 environment (Mair and
Wilcox 2020). To assess whether the effects of the shift in
environmental variables on the C. curvisetus/pseudocurvisetus
community share differed between the two time periods, a lin-
ear model Im (Comunity share ~ Period*Temperature anomaly
+ Period*Salinity anomaly) was constructed in R for both
layers, after the three-way interaction period*temperature
anomaly*salinity anomaly was confirmed to be not significant.
ANOVA for an unbalanced design (type III) was used to esti-
mate the significance of the effects.

Statistical analysis of lipidomics data from laboratory
experiments

Linear and polynomial fits (computer software Origin
7, Origin Lab) were performed to examine the possible tem-
perature effect on the C. pseudocurvisetus PL characteristics
including average number of molecular species, average PL
fatty acyl chain length, and average fatty acyl chain double
bonds. A polynomial fit was performed when the highest or
lowest values were found at intermediate temperature
corresponding to the optimal growth temperature (15°C). In
these cases, the linear fit would result in unrealistic values for

Chaetoceros and global change

the relationship between temperature and certain PL parame-
ters. Post hoc Tukey tests TukeyHSD on aov from the R base
packages (R Core Team 2020) were performed to determine
the significance of all temperature combinations-related
changes in lipid/PL contents and PL characteristics (molecular
diversity, acyl chain length, acyl double bonds).

Results

Long-term investigations of C. curvisetus/pseudocurvisetus
in the NW Adriatic Sea

Long-term data over 32 years on eukaryotic phytoplankton
included taxonomy and abundances. Since we were interested
in the effects of climate change on eukaryotic plankton and
wanted to distinguish between the two main influences of
warming and oligotrophication observed for the northern
Adriatic (Gasparovi¢ 2012), we chose the meso- to eutrophic
NW Adriatic as sampling site (Fig. 1a). In this way, we wanted
to avoid conditions where severe nutrient deficiency affects
phytoplankton abundance, community composition and sea-
sonal cycle, as observed in the NE Adriatic (Maric et al. 2012).

Since 2003, average annual SST in the region has increased
significantly (Fig. 1b) (piecewise-linear spline fit, R* = 0.66, F
(2, 29) = 28.05; p <0.001), with extreme in situ temperatures
often reaching or exceeding 30°C in summer (e.g., Novak
et al. 2018). The significant overall increase in temperature
between two periods (1986-2002 and 2003-2017) was con-
firmed by a factorial robust ANOVA (factors: period, layer) of
annual temperatures estimated from the CMEMs reanalysis
dataset (Fig. S2a; Table Sla,b). The slight increase in salinity
values, an indication of less nutrients, in the later period was
also observed (Fig. S2b; Table Sla,b). The increase in both
environmental variables was more pronounced in the surface
than in the deeper layer (robust post hoc analysis; Table S1c).
The slightly higher seawater salinity in the later period is a
consequence of the reduced inflow of the Po River freshwater
which is related to the shortening of the snow cover in the
Italian Alps (Gasparovi¢ 2012).

Here, we present data for samples in which C. curvisetus/
pseudocurvisetus were found (Fig. 1c—f). To understand whether
C. curvisetus/pseudocurvisetus have acclimated/adapted to the
observed changes in the northern Adriatic (Estuarine, Coastal
and Shelf Science, vol. 115) compared to sympatric species, we
present data on the abundance of the total phytoplankton
that accompanied C. curvisetus/pseudocurvisetus (Fig. 1c,d), as
well as the abundance (Fig. 1¢,d) and relative contributions of
C. curvisetus/pseudocurvisetus to the community (Fig. le,f).

Temporal changes in abundances of C. curvisetus/
pseudocurvisetus and accompanying phytoplankton are shown
in Fig. 1c,d. Abundance of total accompanying phytoplankton
decreased significantly with time, both at the surface (Figs. 1c,
S3a; Table S2) and in the deeper layer (Figs. 1d, S3b; Table S2).
In contrast, C. curvisetus/pseudocurvisetus abundance did not
decrease significantly (Figs. 1c,d, S3c,d; Table S2), resulting in
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Fig. 2. Chaetoceros curvisetus/pseudocurvisetus timing of high abundance and blooms throughout the annual cycle. Data are presented for the two
periods (a) and (c) earlier colder period from 1987 to 2003 and (b) and (d) later warmer period from 2003 to 2017 and two water column layers ((a, b)
surface 0-5 m depth that is more influenced by the warming with respect to less influenced (c, d) deeper layers, 10 m to bottom). The box in the box
and whisker plots is determined by the 25" and 75" percentiles, the whiskers are determined by the 5" and 95" percentiles, squares correspond to
means, horizontal lines correspond to medians, rhombus correspond to outliers.

an increase in the C. curvisetus/pseudocurvisetus community
share over time (Figs. 1e,f, S3e,f; Table S2).

Seasonal patterns across periods and depths are statistically
processed by LME model and presented in Tables S3-S5.
Abundance of total accompanying phytoplankton signifi-
cantly decreased during the later period 2003-2017 in all sea-
sons (Table S3a,b), with a 2.3- to 5.4-fold decrease in seasonal
mean values. Their abundance was significantly higher in the
upper layer from spring to autumn (Table S3). No difference
between the layers in winter is due to the fully vertically
mixed water column. A significant difference in C. curvisetus/
pseudocurvisetus abundance between the two periods was
observed only in autumn (2.0-fold decrease in autumn)
(Table S4a,b). The seasonal depth distribution of C. curvisetus/
pseudocurvisetus was similar to that of the accompanying phy-
toplankton (Table S4).

As a result of the seasonal dynamics of C. curvisetus/
pseudocurvisetus and associated phytoplankton, the commu-
nity share of C. curvisetus/pseudocurvisetus differed significantly
between two periods in spring (8.7-fold increase in means in
the later period) and winter (1.9-fold increase in means in the

later period) (Table S5). Vertically, a significant difference in
C. curvisetus/pseudocurvisetus community share between two
layers was observed in summer with a lower community share
in the surface in relation to the deeper layer (Table S5) when
the water column is highly stratified.

We were interested in whether there was C. curvisetus/
pseudocurvisetus temporal succession shift(s) during the later
warmer and somewhat less nutrient rich period characterized
by higher salinity (Fig. 2). In the first period (1986-2002) dur-
ing a year, increased abundances were found in the surface
layer in March, April, August, and October (Fig. 2a). In the
later period (2003-2017) during a year, increased abundances
of C. curvisetus/pseudocurvisetus were observed in surface waters
in March and April (Fig. 2b). The disappearance of high abun-
dances of C. curvisetus/pseudocurvisetus in the surface layer in
August and October is statistically confirmed by the post hoc
Tukey test (Table S6). Cell concentrations of C. curvisetus/
pseudocurvisetus higher than > 10° cell L™ in the surface layer
were observed in the first period from January to November
(in 12.8% of samples), while in the second period such cell
concentrations were observed in 6.8% of samples in May,
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Fig. 3. Probability distribution for 10-d averaged anomalies of temperature and salinity values present when C. curvisetus/pseudocurvisetus were found in
the phytoplankton community: (a) 10-d average of SST anomaly of the surface layer; (b) 10-d average of salinity anomaly (Sge) of the surface layer; (c)
10-d average of temperature anomaly (Tge) of the deeper layer; (d) 10-d average of salinity anomaly (Sge) of the deeper layer. Ten-day average of temper-
ature and salinity anomalies are calculated with respect to the mean monthly 1985-2002 climatology. Dashed lines represent median sample values. Sig-
nificant differences between periods and layers for pair of panels a/c and b/d, are marked with different letters.

April, and December. Deeper layers did not differ in high
abundances of C. curvisetus/pseudocurvisetus between the two
periods (Fig. 2b,d; Table S6). However, C. curvisetus/
pseudocurvisetus cell concentrations > 10° cell L™! in the deeper
layer were observed in the first period in 1.6% of the samples
and only in March, while in the second period in the 5.6% of
the samples abundances greater than 10° cellL™' were
observed in March, April, and December, with an extreme
value of 3 x 10° cell L" in December 2014.

We investigated the relationships between environmental
variables and the occurrence of C. curvisetus/pseudocurvisetus.
To do this, we chose to work with temperature and salinity
anomalies. The temperature anomaly was chosen instead of
temperature to filter out variance in the annual temperature
cycle and intra-annual relationships. We used 10-d anomalies
because this is the optimal span between cell growth (2-3 d)
and community turnover (2 weeks) (Bosak et al. 2016).
Because a positive temperature anomaly was found in the later

period 2003-2017 (Fig. S4b,f), we were interested in the fol-
lowing questions: (1) did C. curvisetus/pseudocurvisetus adjust
their occurrence to the temperature shift, or were the tempera-
ture anomalies at which C. curvisetus/pseudocurvisetus were
detected in the later period 2003-2017 the same as in the first
period 1986-2002, and (2) did the effects of the shift in
environmental variables on the C. curvisetus/pseudocurvisetus
community share differ between the two periods? During
2003-2017, C. curvisetus/pseudocurvisetus were detected at
higher 10-d temperature anomalies in the surface layer (0-5 m
depth) (Fig. 3a; Table S7). Positive salinity anomalies were
detected for the surface and deeper layers in the later period
compared to the earlier period (Fig. S5), indicating lower nutri-
ent input lately. In both layers, C. curvisetus/pseudocurvisetus
were observed at higher salinity anomalies during the 2003-
2017 period (Fig. 3b,d; Table S7).

The effects of the anomaly of environmental variables on
the C. curvisetus/pseudocurvisetus community share were
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Fig. 4. Diatom Chaetoceros pseudocurvisetus lipid production and average characteristics of phosphatidylcholines (PC), phosphatidylglycerols (PG),
phosphatidylinositols (PI), phosphatidylethanolamines (PE), phosphatidic acids (PA), and phosphatidylserines (PS). (a) The average phospholipid and total
cell lipid (TL) cell concentration (pg cell™") + SD. (b) The average phospholipid diversity (the number of molecular species). (c) The average phospholipid
fatty acyl chain length (number of acyl carbon atoms), and (d) the average fatty acyl chain double bonds. Error bars are the SD of two replicates. Proba-
bility values (p values) for all temperature combinations relating differences in lipid and phospholipid contents, and phospholipid characteristics (average
number of molecular species, average phospholipid fatty acyl chain length and average fatty acyl chain double bonds) (post hoc Tukey test) are given in
Table S9. The Tukey tests showed significant differences for all instances where average values differed more than accumulated standard deviations.

different in the two periods (Table S8). The positive SST anom-
alies observed for the surface layer supported the increase in
community share in the later period 2003-2017 in contrast to
the 1986-2002 period. This effect is not visible in the deeper
layer. In the deeper layer, the increase in salinity anomaly
(lower nutrient levels) was accompanied by a decrease in com-
munity share in the later period. However, the results of the
analysis in the deeper layer should be interpreted with caution
because they are based on estimated temperature and salinity
values from the CMEM reanalysis rather than direct measure-
ments, as is the case for SST.

C. pseudocurvisetus phospholipidomics

In situ data suggest that C. curvisetus/pseudocurvisetus suc-
cessfully accommodate to the observed changes in the north-
ern Adriatic. Therefore, their acclimation/adaptation at the
cellular level can be expected, including physiological acclima-
tion by changes in photosynthesis, respiration, growth, and
cell biochemistry. Because C. curvisetus/pseudocurvisetus were
detected in the later period at positive salinity anomalies,
suggesting that fewer nutrients at higher salinities did not
negatively affect their abundance, we conducted laboratory

experiments to investigate the short-term C. pseudocurvisetus
accommodation capacity with respect to its ability to adjust
membrane PL composition under temperature increase.
C. pseudocurvisetus was grown at five different temperatures.
The highest cell abundance was observed at 15°C
(25.8 £11.7 x 10° cell L™Y), and nine times lower at 30°C
(2.8 £ 11.7 x 10° cell L™!), while growth rates were lowest at
10°C (0.26 +0.03) and highest at 25°C (0.72+0.03d ")
(Fig. S6) (Novak et al. 2019).

Higher growth temperatures (25°C and 30°C) resulted in
significant accumulation of cell lipids (p <0.001; Table S10)
(16.7 + 2.6 and 27.8 + 0.7 pg cell™!, respectively), including
PL (p < 0.001; Table S10) (6.6 + 1.2 and 12.6 + 0.3 pg cell !,
respectively), accumulation (Fig. 4a; Table S11).

Three lipid classes were detected at all temperatures: PC,
PG, and PI, while PE, PA, and PS were detected at higher
growth temperatures (Fig. 4b; Table S11). Greater PL molecular
diversity was detected at higher temperatures for PC
(p = 0.043; Table S10), PG (p = 0.014; Table S10), PE
(p < 0.001; Table S10), and PA (p = 0.001; Table S10). The low-
est total PL diversity was detected when C. pseudocurvisetus
was growing at 10°C. At all cultivation temperatures, the
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highest molecular diversity was found for PC, 16-25 species,
and the lowest for PS (1 species; Fig. S13).

In general, PG (p = 0.021; Table S10), PI (p<0.001;
Table S10), PE (p <0.001; Table S10), and PS (p = 0.002;
Table S10) showed a tendency to reduce the fatty acyl chain
length (number of acyl C atoms) with increasing temperature
(Fig. 4c; Table S12). The fatty acyl chain length of PC did not
change significantly in the studied temperature range.

After reaching its maximum at 15-20°C, the unsaturation
of PL decreased with increasing temperature, as observed for
PG (p = 0.002; Table S10), PI (p = 0.002; Table S10), and PS
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(p = 0.002; Table S10) until 30°C (Fig. 4d; Table S12). In con-
trast, the unsaturation of PC remained similar at all tempera-
tures studied.

The relative distribution of PC FAs from C14 to C22
(Figs. Sa, S7; Table S13) varied little with temperature. The
average fatty acyl chain length was 18.8 + 0.3 C atoms at all
growth temperatures studied. Over the temperature range
studied, PC was also characterized by a relatively conservative
share of FA of a given chain length (average abundance
C18 > C20 > C22 > C16 > C14), the dominance of polyunsatu-
rated fatty acid (PUFA), and the relatively conservative share
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Fig. 5. Diatom Chaetoceros pseudocurvisetus phosphatidylcholines (PC), phosphatidylglycerols (PG), phosphatidylinositols (PI) and phosphatidylethanol-
amines (PE), characteristics. ((a—d) left panels): The average fatty acyl chain length (e.g., fatty acid with 14 carbon atoms—C14) share (%). ((e-h) right
panels): Saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), and polyunsaturated fatty acids (PUFA) share (%). Error bars are the SD of two

replicates.
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of PUFA, monounsaturated fatty acids (MUFA), and saturated
fatty acids (SFA) (average abundance PUFA > MUFA > SFA)
(Fig. 5e). The average PC unsaturation remained similar during
the growth of C. pseudocurvisetus at all temperatures studied
(double bonds 2.1 £ 0.2).

FAs C18 were most abundant in the PG lipid class (Figs. 5b,
S8; Table S13). Their share decreased considerably at higher
growth temperatures (from 83.3 + 23.6% to 37.4 + 6.9% at
30°C) (p = 0.009; Table S10) and were replaced mainly by C16
(from 8.3 £11.8% to 41.2+1.6% at 30°C) (p<0.001;
Table S10). At all temperatures studied, the PG content was
characterized by the highest share of MUFA, while the share
of SFA increased significantly with increasing temperature
(p = 0.002; Table S10) (Fig. 5f).

The PIs were characterized by the dominance of the longest
(C22 [double bonds 0-6] and C20 [double bonds 0-5])
(Fig. Sc, upper panel; Fig. S9; Table S13) and the most unsatu-
rated FA (PUFA > 40%) at the optimal temperature (Novak
et al. 2019), the proportion of which was significantly reduced
at higher temperatures. We observed the replacement of C22
(p <0.001; Table S10) and C20 (p = 0.002; Table S10) by C16
(p <0.001; Table S10) and C18 FA (p < 0.001; Table S10). High
growth temperature probably inhibits the biosynthesis of
these FA. PI PUFA (p = 0.001; Table S10) were possibly rep-
laced by MUFA (p = 0.053; Table S10) (Fig. 5g) at 25°C
and 30°C.

We observed an increased PE occurrence at higher tempera-
tures (Fig. 4a). The dominant FA in the PE class were C16
(Figs. 5d, S10; Table S14). PAs were not detected at the optimal
growth temperature (15°C) and at 10°C, while many PA were
found at higher temperatures (Fig. 4a). They were character-
ized by C16 FA dominance and variable PUFA, MUFA, and
SFA ratios (Figs. S11, S12; Table S14). Results on PL on only
few PS are presented in Figs. S11, S13.

Discussion

Long-term temporal distribution of C. curvisetus/
pseudocurvisetus in the NW Adriatic Sea

Long-term data (over 32 years) gave us insight into popula-
tion size changes, phenology, habitat, and community com-
position of phytoplankton populations in the NW Adriatic
Sea. Phytoplankton abundance decline, both globally and in
the northern Adriatic, as we detected (Figs. 1, S3a,b), was
observed a decade ago and have been linked to ocean
warming (Boyce et al. 2010; Mari¢ et al. 2012). Our results
show that during the period of increased seawater temperature
and slightly increased salinity, indicating moderate oli-
gotrophication, in the NW Adriatic, the contribution of
C. curvisetus/pseudocurvisetus increased relative to the whole
community, especially in spring and winter (Figs. le,f, S3e,f;
Table S5), with summer characterized by their higher commu-
nity share in the deeper layers compared to the surface layers.
This suggests that C. curvisetus/pseudocurvisetus, unlike the
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majority of the accompanying phytoplankton, may have
developed strategy/ies to overcome changes in the northern
Adriatic. However, there is also the possibility that most other
taxa are more sensitive to the observed changes, which could
also explain the recent increase in the share of C. curvisetus/
pseudocurvisetus. The high abundance and diversity of the
genus Chaetoceros (Malviya et al. 2016) suggest that there are
species within the genus that can adapt to environmental
stressor/s. Indeed, Aranguren-Gassis et al. (2019) found that
the marine diatom Chaetoceros simplex accommodate to high
temperatures under the condition of high nitrogen availabil-
ity. Jin and Agusti (2018) showed that Chaetoceros tenuissimus
and Chaetoceros sp. may adapt to warming by using various
thermal strategies. Although some species within the total
accompanying community may be even better adapted com-
pared to C. curvisetus/pseudocurvisetus, this was masked by the
overall population response.

Parallel to the changes in the NW Adriatic, C. curvisetus/
pseudocurvisetus changed the timing of high abundance and
blooms in the surface layers (Fig. 2). The main difference in
the surface layer is an alteration from bimodal in the first
period to unimodal blooming in the second period, probably
due to the lower possibility of blooming at higher tempera-
tures that prevailed in August and October in the second
period. We assume that the reason for this is the failure of
blooming at higher temperatures. Changes in phenology
(time of blooming) can lead to trophic level mismatch with a
consequence for ecosystem functioning (Edwards and
Richardson 2004).

The recent occurrence of C. curvisetus/pseudocurvisetus at
higher 10-d temperature and salinity anomalies (Fig. 3;
Tables S7, S8), suggests that they have accommodated to the
new seawater conditions, the warmer and moderately oligotro-
phic NW Adriatic. A number of indirect changes caused by
global change, such as altered light availability (Wiltshire
et al. 2015), altered trophic interactions (Horn et al. 2020),
and so forth, could contribute to the successful adaptation of
C. curvisetus/pseudocurvisetus. We found that the accommoda-
tion strategies of C. curvisetus/pseudocurvisetus involve a shift
of microhabitat to deeper, colder layers, probably to avoid
high surface temperatures, as observed during the summer
months when their community share is higher in the deeper
than surface layer (Table S5). Since the Secchi disk depth in
the NW Adriatic is about 10 m (Justi¢ 1988), we can hypothe-
size that C. curvisetus/pseudocurvisetus shift to deeper layers is
enabled by adjusting the amount and/or pigment structure,
which have direct properties on photosynthetic efficiency
(Churilova et al. 2019). Also, cell abundances > 10° cell L7},
which were often found in the surface layer throughout the
year in the first period, were much rarer in the second period
and limited to spring and winter. The shift in phytoplankton
community composition is generally due to the ability of the
various phytoplankton taxa to adapt to temperature increases
in an evolutionary sense (Huertas et al. 2011).
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The long-term studies that address the impact of global
warming on phytoplankton populations in the seas and
oceans are very important to the marine science research com-
munity. Wiltshire and Manly (2004) reported that warming of
the Helgoland Roads (North Sea) by 1.1°C, during 1962-2002
caused a shift in phytoplankton succession. More recent stud-
ies report significant changes in phytoplankton abundance
and composition in the NE subarctic Pacific Ocean as a result
of sea surface warming (Pefia et al. 2019). Over a period from
1931 to 2019, the relative ratio of warm- to cold-water phyto-
plankton species increased at a coastal station off Sydney,
Australia in the Pacific Ocean (Ajani et al. 2020). Geological
data on the response of marine phytoplankton to warming are
also informative. Studies of the response of diatom phyto-
plankton to warming in the middle Eocene revealed that the
dominance of cosmopolitan species of the diatom genus
Triceratium before warming was replaced by a more diverse
assemblage after warming (Renaudie et al. 2010).

C. pseudocurvisetus phospholipidomics

The sea surface warming may seriously impair the central
role of eukaryotic phytoplankton in organic matter flux to
both higher trophic levels and deep waters (Falkowski
et al. 2004). Studying their response to warming stress is criti-
cal for predicting future changes in oceanic production and
export.

In addition to temporal and/or habitat shifts, shifts were
also seen in C. curvisetus/pseudocurvisetus physiology. Among
changes in photosynthesis, respiration, and growth, the physi-
ological modifications comprise changes in cell biochemistry,
including lipid remodeling. PLs play a fundamental role in
compartmentalizing the biochemistry of life, and serve to
maintain membrane structure and function under stressful
conditions.

The composition of lipid classes of diatoms varies from spe-
cies to species (Volkman et al. 1989), during their life cycle
(Lombardi and Wangersky 1995), and under different growth
conditions (Alonso et al. 1998; Novak et al. 2019). Higher
growth temperatures (25°C and 30°C) resulted in PL accumu-
lation, suggesting that cell lipid accumulation is a heat-
response mechanism (Fig. 4a). Schwenk et al. (2013) found
that warm-water marine microalgae had higher lipid content
than cold-water microalgae. Similarly, short-term temperature
responses in the marine diatom Thalassiosira pseudonana
resulted a significant increase in both cellular carbon (lipids
are rich in carbon!) and phosphorus content (Schaum
et al. 2018).

The short-term C. pseudocurvisetus response to high temper-
ature included increased PL diversity (Fig. 4b; Table S4). We
can speculate that C. pseudocurvisetus growing under favorable
conditions do not require complex PL species composition,
whereas diversification of PL FA composition represented a
mechanism to cope with unfavorable growth temperature.
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Here we found that the short-term response was different
for different PLs. At the same time, some PL classes undergo
similar compositional changes with an increase in tempera-
ture. In contrast to our results for PG, PI, PE, and PS, where a
shortening of chain length was observed (Fig. 4c), we expected
the length of PL fatty acyl chains to increase with increasing
temperature to maintain membrane integrity. This is because
hydrophobicity increases as the chain length increases, which
inevitably leads to increased hydrophobic interactions
between the PL acyl chain residues, especially the saturated
ones. This would reduce thermal oscillations and thus keep
the membrane intact to maintain its function. In contrast to
other PL, the average PC acyl chain length remains similar at
all growth temperatures (Fig. 4c). This suggests that it is
important for C. pseudocurvisetus to maintain membrane thick-
ness (regulated by PC fatty acyl chain length) over a wide
range of temperatures. Membrane thickness may affect protein
localization (Klose et al. 2013) and thus cell physiology. It
appears that the PLs PG, PI, PE, and PS, unlike PC, do not play
an important role in maintaining membrane thickness in
C. pseudocurvisetus and that their FA chain shortening repre-
sents an energy and material conservation under unfavorable
conditions.

The short-term response to an increase in temperature is
decreased unsaturation of PG, PI, and PS (Fig. 4d). FAs
22 : 6n-3 (eicosapentaenoic acid) and 20 : 5n-3 (doco-
sahexaenoic acid), omega-3 FA, decreased contribution was
observed in response to global warming (Hixson and
Arts 2016), indirectly affecting all aquatic ecosystems. An
inverse relationship between temperature and FA unsaturation
is well documented (Thompson et al. 1992). However, long-
term exposure of the four diatoms (Chaetoceros sp.,
Thalassiosira sp., C. tenuissimus, and Synedra sp.) to high tem-
peratures showed that some species adapt by recovering some
FA essential for the higher trophic levels (Jin et al. 2020). PLs
with saturated FA have a higher melting temperature range
than those with unsaturated FA (Wang et al. 2016) and thus
avoid membrane fluidization at high temperature. This sug-
gests their involvement in thermal adaptation. On the other
hand, increased PL saturation may increase the likelihood of
carbon export to the deep ocean (Gasparovic et al. 2016).

The small variation in the relative distribution of FA chain
lengths, total unsaturation, and dominance of PUFA in PC
(Figs. Sa,e, S7; Table S13) suggests that C. pseudocurvisetus
invests energy to maintain the PC FA composition, probably
at the expense of growth and reproduction, as these were
reduced at the highest cultivation temperature, 30°C (Novak
et al. 2019). We conclude that PC invariability is important
for C. pseudocurvisetus to maintain the membrane function(s).

FAs with 18 carbon atoms are the most important for PG
(Figs. Sb, S8; Table S13). The highest C18 : 1 percentage
(Table S13) in the wide temperature range of
C. pseudocurvisetus cultivation indicates the importance of this
FA for the proper functioning of PG in membranes. The
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unsaturation of PG is important for the PG role in photosyn-
thetic electron transport in thylakoids, where electron flow is
faster through the more fluid membrane (Siegenthaler and
Murata 2004), whose fluidity is higher in the presence of
unsaturated FAs.

The PI were characterized by the dominance of the longest
(C22 and C20) and the most unsaturated FA (PUFA > 40%) at
the optimal temperature (Figs. 5c¢,g, S9; Table S13). We pre-
sume that very long-chain and unsaturated FA are essential for
the functioning of PI, at least for the C. pseudocurvisetus stud-
ied. The proportion of long unsaturated FAs was significantly
reduced at higher temperatures. The high growth temperature
probably inhibits the biosynthesis of these FA. It appears that
PI role is suppressed at high temperatures, as evidenced by a
significant decrease in molecular diversity with increasing
temperature (1 species was detected at 30°C).

On the other hand, we observed an increased PE occur-
rence at higher temperatures (Fig. 4b). This could be explained
by the role of PE in reducing membrane fluidization at higher
temperatures. The lipid polar group influences lipid melting
phase transition temperature (Cevc 1987). The temperature at
which the hydrocarbon membrane core begins to fluidize is
higher for PE than for PC with the same FA composition. Low
PE saturation (Figs. Sh, S10; Table S14) also contributes to the
thermal stability of the membrane.

PAs are signaling and regulatory molecules in phytoplank-
ton cells and precursors in other PL biosynthesis (Khozin-
Goldberg 2016). Since PA was detected only at higher temper-
atures (20-30°C) (Fig. 4b), we can assume that PA served
mainly for the synthesis of PC and PG, whose diversity
increased at the highest temperatures. At the same time, PA
could be released from PLs by phospholipase D activity
(Beligni et al. 2015). The increased diversity of PA could be an
indication of stress in C. pseudocurvisetus. Because only a few
PS molecules were detected (Figs. 4b, S11, S13; Tables S6, S9),
we cannot draw any conclusions about this PL class.

Our results suggest that the concept of FA biomarkers used
to determine the composition of the major phytoplankton
community, in studies to identify key processes in marine eco-
systems or to study transfer from primary producers to pri-
mary consumers, likely needs to be re-evaluated in the context
of global change. This will require longer-term laboratory stud-
ies of other acylglycerols and phytoplankton classes.

Summarizing considerations

C. curvisetus/pseudocurvisetus may employ multiple mecha-
nisms to acclimate and adapt to alterations caused by global
change. In situ observations have shown that C. curvisetus/
pseudocurvisetus have changed their ecological niche in the
NW Adriatic to adapt to the new conditions. At the same time,
it is capable of triggering physiological mechanisms aimed at
acclimation to temperature increase. It has been observed that
C. pseudocurvisetus increases chlorophyll a synthesis as a result
of temperature rise, which is explained by obtaining energy
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for physiological processes necessary for survival at high tem-
perature (Flanjak et al. 2022). Another biochemical mecha-
nism demonstrating the acclimation mechanism, which is
elaborated in this work, is PL classes FA remodeling. The major
changes in the majority of PL, caused by high temperatures,
include increased diversity, shortening of FA chain lengths,
and decreased FA unsaturation, changes that occur gradually
with temperature rise. In contrast, the FA composition and
the degree of unsaturation in PC remain approximately con-
stant over the entire temperature range studied (10-30°C).
This indicates the importance of PC in maintaining stable
membrane properties, which are important for proper physio-
logical activity.

The northern Adriatic is changing. Summer temperatures
approach 30°C and occasionally exceed it. Oligotrophication
has progressed. Global change is causing changes in phyto-
plankton composition that can have significant impact on
ecosystem functioning (Di Pane et al. 2022). Different phyto-
plankton species respond differently to climate change, and
some species will adapt better to the changes. As shown here
by a cultivation experiment, C. pseudocurvisetus survives and
reproduces even at 30°C, although it prefers lower tempera-
tures. Thus, C. curvisetus/pseudocurvisetus alter habitat, that is,
they changed the timing of high abundance and blooms in
the surface layer to moderate-temperature spring months,
while during the warm summer months they thrived success-
fully in the deeper, colder layers which was noted by their
increased share in the phytoplankton community, as we
observed in the NW Adriatic from 1986 to 2017.

Data availability statement
Source data used for figures are available publicly available
through https://urn.nsk.hr/urn:nbn:hr:241:107649.
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