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Abstract

Microalgae, dominating protists in aquatic systems, are rich in lipids, a complex molecular class
regulating cell physiology and phytoplankton ecology. Investigation of microalgal lipid metabolism
is increasing, but common strategies for comprehensive lipid analyses are still lacking. Major
methodological gaps are represented by separate analytical procedures for extraction and
characterization of lipid molecules, thus hindering accurate comparison of metabolic data. Herein
we propose one unique methodology for sample collection, extraction and analysis of main lipid
mediators (oxylipins, fatty acids, glycerolipids, sterols and sterol derivatives) from diatoms.
Extractions relied on the MTBE/methanol method, which provides high lipid extraction yields,
involving either MeOH or water preparation of samples. Experiments focused on Skeletonema
marinoi, a diatom species often used as model organism in plankton chemical ecology. Extraction
protocols were implemented to characterize oxylipins and glycerolipids from algal cells collected as
pellets or accumulated on glass-fibre filters, thus providing a practical tool to study multiple lipid

classes in natural phytoplankton.

Keywords: microalgae, diatoms, chemical extraction, mass spectrometry, glycerolipids, sterol

sulphates, oxylipins, fatty acids.
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Abbreviations

CHOS-d: cholesterol sulphate

DGDG: digalactosyldiacylglycerol

DMSO: dimethyl sulfoxide

EPA: eicosapentaenoic acid

ESI: electrospray ionization

FAME: fatty acid methyl ester

FFA: free fatty acid

GC-MS: gas chromatography-mass spectrometry
GF: glass-fibre

HPLC: high-pressure liquid chromatography
HTrA: hexadecatrienoic acid

HTtA: hexadecatetraenoic acid

LAH: lipolytic acyl hydrolase

LC-MS: liquid chromatography/mass spectrometry
LOFA: linear oxygenated fatty acid
LOX: lipoxygenase

MeOH: methanol

MEOH: MTBE/methanol extraction from cells re-suspended with methanol

MGDG: monogalactosyldiacylglycerol
MS: mass spectrometry

MTBE: methyl-tert-butyl ether

NMR: nuclear magnetic resonance

PC: phosphatidylcholine
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PE: phosphatidylethanolamine

PG: phosphatidylglycerol

PI: phosphatidylinositol

PUA: poly-unsaturated aldehyde
PUFA: poly-unsaturated fatty acid
SQDG: sulfoquinovosyldiacylglycerol
StS: sterol sulphates

SULT: sulfotransferase

TFA: total fatty acid

TG: triglyceride

UHPLC: ultra-high-pressure liquid chromatography

WATER: MTBE/methanol extraction from cells re-suspended with water
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Introduction

Diatoms are unicellular microalgae dominating plankton assemblages in terms of abundance and
diversity (Armbrust, 2009; Malviya et al., 2016; Tréguer et al., 2018). Their biomass is largely
constituted by lipids (Da Costa et al., 2016), an extremely complex class of molecules involved in
regulation of cell physiology, energy homeostasis, formation and function of cell membranes and
intra- and inter-cellular signalling (Gross and Han, 2011; Wenk, 2010).

Diatoms are major producers of oxylipins (Russo et al., 2020), low-molecular-weight lipids that can
act as predation deterrents (Barreiro et al., 2011; Fontana et al., 2007a; lanora et al., 2015; Lauritano
et al., 2016; Miralto et al., 1999; Paffenhofer et al., 2005; Ruocco et al., 2020, 2016; Russo et al.,
2018) or signalling molecules (Cozar et al., 2018; Edwards et al., 2015; Russo et al., 2020) in
plankton communities. Oxylipins embrace two major classes of molecules, namely poly-unsaturated
aldehydes (PUAs) and linear oxygenated fatty acids (LOFAs), that are produced upon wound- or
age-mediated lysis of diatom cells by a stepwise process including cleavage of fatty acids from
glycolipids and phospholipids and subsequent oxygenation of free fatty acids by lipoxygenases
(LOX) (Adelfi et al., 2019; Cutignano et al., 2006; d’Ippolito et al., 2018, 2009, 2006, 2005, 2004;
Fontana et al., 2007b; Pohnert et al., 2002; Pohnert, 2010; Pohnert and Boland, 2002; Watson et al.,
2009; Yi et al., 2017). While LOX-mediated oxygenation of eicosapentaenoic acid (EPA, C20:5) is
the primary source of oxylipins in diatoms, hexadecatrienoic acid (16:3, w-4) (HTrA) and
hexadecatetraenoic acid (16:4, o-1) (HTtA) can also serve as substrates for the synthesis of C16-
derived oxylipins in few diatom species, such as Skeletonema marinoi and Thalassiosira rotula
(d’Ippolito et al., 2006, 2005, 2004; Fontana et al., 2007a, 2007b). These fatty acids are major
components of diatom glyceroglycolipids, in particular of monogalactosyldiacylglycerols (MGDGs)
and digalactosyldiacylglycerols (DGDGs), that are integral parts of plastid membranes

(Heydarizadeh et al., 2013).
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More recently, the synthesis of another functionally relevant class of lipids, the sterol sulphates
(StS), has been described in several diatom species (Gallo et al., 2020, 2018, 2017; Nuzzo et al.,
2019). In diatoms, sterols are enzymatically synthesized through the mevalonate pathway, involving
cyclization of squalene to cycloartenol (Gallo et al., 2020). Sulfonation of sterols to their StS
counterparts is finally mediated by sulfotransferases (SULTSs). StS have been demonstrated to
induce cellular apoptosis and culture demise in the plankton-dominating diatom S. marinoi (Gallo et
al., 2017), implying major involvement of these secondary metabolites in algal bloom termination
also in natural populations.

In recent years, an increasing number of field surveys has been investigating changes in lipid
profiles of natural phytoplankton (Bartual et al., 2018, 2014; Cdzar et al., 2018; Grosse et al., 2019;
lanora et al., 2015, 2008; Lauritano et al., 2016; Mayzaud et al., 2013; Morillo-Garcia et al., 2014;
Ribalet et al., 2014; Russo et al., 2020; White et al., 2015; Wichard et al., 2008). However, the high
complexity of phytoplankton matrices often requires combination of different strategies for a)
sample collection, b) metabolite extraction, detection, identification and quantitation, c) final data
analysis.

Collection of natural phytoplankton is often a critical step in field surveys. In this perspective, water
filtration on glass-fibre (GF) filters is particularly advantageous, because it is quick and reduces
biases in phytoplankton composition introduced during sample collection. Moreover, GF filters
accommodate large water volumes and are compatible with organic solvents, facilitating subsequent
chemical extractions (Bidigare et al., 2003). Easy and unique procedures for lipid extraction and
analysis are still lacking. In fact, extraction of different lipid molecules is traditionally performed
through dedicated protocols, including Folch’s (Folch et al., 1957) and methyl-fert-butyl ether
(MTBE)/methanol methods for glycerolipids and fatty acids (Adelfi et al., 2019; Cutignano et al.,
2016, 2006; d’Ippolito et al., 2004; Matyash et al., 2008), MeOH extraction for sterol sulphates

(Gallo et al., 2020, 2018, 2017; Nuzzo et al., 2019) and acetone-dichloromethane (Cutignano et al.,
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2011; d’Ippolito et al., 2018; Gerecht et al., 2013; Miralto et al., 1999; Nanjappa et al., 2014) or
solid phase extraction (Rettner et al., 2018; Wichard et al., 2005a) for oxylipins.

Striving for a more comprehensive understanding of microalgal physiology, we have previously
reported a few methods to characterize different lipid classes from diatoms and natural
phytoplankton by combining traditional chromatographic approaches with mass spectrometry (MS)
(d’Ippolito et al., 2018; Gallo et al., 2018) and nuclear magnetic resonance (NMR) techniques
(Nuzzo et al., 2013). In the present study, we seek the implementation of a simple and general
methodology for extraction and analysis of phospholipids, glycolipids, StS, oxylipins and free fatty
acids (FFAs) from phytoplankton samples. To this aim, the analytical procedure was designed for
extraction of cell pellets or cells accumulated on GF filters by MTBE/methanol method which
offers high extraction efficiency, high volatility and low toxicity (Cajka and Fiehn, 2014; Calderon
et al., 2019; Matyash et al., 2008; Satomi et al., 2017). The methodology was tested on Skeletonema
marinoi, a model diatom in chemical ecology, whereas Thalassiosira weissflogii was used as
negative control to exclude non-enzymatic modifications of lipids during extraction procedures
(d’Ippolito et al., 2018, 2006, 2004; Gallo et al., 2020, 2018, 2017; Nuzzo et al., 2019; Wichard et
al., 2005b). For the extraction of glycerolipids, fatty acids and StS, cells were suspended in MeOH
to inhibit enzymatic reactions (treatment MEOH hereafter). Instead, according to the literature,
effective oxylipin extraction relied on suspension in water (treatment WATER hereafter) for

activation of the enzymes of the LOX pathways.

Materials and methods

General

All solvents were from Merk (Darmstadt, Germany). MeOH and MTBE were LC-MS grade, while
chloroform (CHCl3) and dichloromethane (CHCly) were HPLC-grade. Milli-q water from a
Whatman apparatus (Merk, Darmstadt, Germany) was used throughout the experiments.

Diazomethane (diluted solution of diazomethane in diethyl ether) was prepared from Diazald as
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described by (Black, 1983). Monogalactosyldiacylglycerol (MGDG 16:0/18:0), [D7]-cholesterol
sulphate (CHOS-d), 16-hydroxyhexadecanoic acid and nonadecanoic acid, used as internal and
external standards for glycerolipids, StS, LOFAs and FAs respectively, were purchased from Merk

(Darmstadt, Germany).
LC-MS parameters

UHPLC-MS analysis for lipids and sterol sulphates was performed on Q-Exactive hybrid
quadrupole-orbitrap mass spectrometer (Thermo Scientific, Waltham, MA, USA) equipped with an
Infinity 1290 UHPLC System (Agilent Technologies, Santa Clara, CA, USA), using a Kinetex
Biphenyl 2.6 pm 150x2.1 mm column and a gradient of MeOH in water (Cutignano et al., 2016).
Briefly, the elution program consisted of a gradient from 40 to 80% of MeOH in water in 2 min,
then to 100% of MeOH in 13 min, holding at 100% for 7 min at the flow rate of 0.3 ml/min. Full
MS scans were acquired over the range 200—1800 and the most intense peaks were selected for
fragmentation with a stepped normalized energy of 25-28-35 and 20—40% in positive and negative

ionization mode, respectively. The injection volume was 10 pl.

HPLC-MS analysis for oxylipin detection and quantitation was performed on Micro-qToF mass
spectrometer (Waters, Milford, MA, USA) with an electrospray ionization (ESI) source (positive
mode) and coupled with a Waters Alliance HPLC system equipped with a C-18 Kromasil column
(4.6x250 mm, 100 A, Phenomenex Inc.). Fatty acid analysis was performed on an ion-trap GC-MS
instrument (Thermo ITQ 700 Mass spectrometer interfaced with Thermo Focus GC Polaris Q;
Thermo Fisher, Massachusetts, USA) mounting a 5% Diphenyl polysiloxane column (OV-5;

Agilent Technologies, Santa Clara, CA, USA) in EI mode (70 eV) and using Helium as gas carrier.

Below the standard solutions prepared for the analysis: hydrogenated monogalactosyldiacylglycerol

(MGDG 16:0/18:0) = solution 1 mg/ml in MeOH:CHCI3 4:1; [D7]-cholesterol sulphate (CHOS-d)
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= solution 0.1 mg/ml in MeOH 100%, 16-hydroxyhexadecanoic acid = solution 0.1 mg/ml in

MeOH 100%; nonadecanoic acid (19:0) = solution 1 mg/ml in DMSO 100%.
Algal culturing and harvesting

Four separate cultures of Skeletonema marinoi (CCMP2092) and one of Thalassiosira weissflogii
(ICB-P09) were grown semi-continuously in sterile polycarbonate flasks containing f/2 medium.
Cultures were subjected to a 12:12 h dark:light cycle and a light intensity of 100 umol (m? s™!). At
the day of harvesting, concentrations of S. marinoi cultures ranged between 1.84-3.78 10° cells ml!,
while 7. weissflogii was harvested at a concentration of 1.87 10° cells ml™.

Each algal pellet replicate was obtained by transferring 15 ml of the diatom culture to a falcon tube.
Algal cells were centrifuged with a swing-out centrifuge Allegra X-15R (Beckman Coulter,
Pasadena, CA, USA) (4000 g, 4 °C, 10 min). The supernatant was discarded and wet pellets were
immediately frozen in liquid nitrogen.

Alternatively, cells were accumulated on glass fibre GF/A filters (1.6 um pore size) (Whatman-
Merk, Darmstat, Germany). Each replicate was obtained by filtering 15 ml of the diatom culture.
Filters were transferred to falcon tubes and immediately frozen in liquid nitrogen.

Samples were stored at -80 °C until analysis. A volume of 2 ml of each culture was used to
determine cell density in a Biirker counting chamber (Merck, Darmstat, Germany; depth of 0.1 mm)
under an inverted microscope.

Samples were prepared in triplicate for the different experimental procedures.
MTBE extraction - MEOH preparation

In this procedure, lipids were extracted through the application of the MTBE/methanol method
(Matyash et al., 2008). Extraction consisted in the initial addition of MeOH, followed by addition of
MTBE and water to a fixed volume ratio of 3:10:2.5 v/v/v.

In detail, cells on GF/A filters were re-suspended in 9 ml MeOH to cover the filter. Then, lipid

standards (10 pg MGDG, 10 pg nonadecanoic acid, 1 pg CHOS-d, 1 pg hydroxyhexadecanoic acid)
9
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were added. The sample was mixed by vortex and sonicated in ice bath for 30 seconds. After
addition of 30 ml of MTBE, the sample was vortexed again and left at room temperature for 10
minutes. Water (7.5 ml) was added and the two-phase mixture was vigorously mixed before
centrifugation at 4000 g at 4 °C for 10 minutes. The whole organic upper phase was collected with a
glass Pasteur pipette and transferred into a glass round-bottomed flask. The aqueous residue was
extracted again by repeating the procedure with other 10 ml MTBE. The organic phases were
combined and dried by rotatory evaporator. The oily residue was recovered with MeOH/CH>Cl 4:1
and transferred into a weighted vial. After removal of the solvent by nitrogen, the organic extract
was weighted and kept at -80° until further analysis. On average, the dry organic extract from S.
marinoi pellets was 1.06 mg, while the dry extract obtained from S. marinoi cells accumulated on
filters was 1.5 mg. The dry extract obtained from 7. weissflogii pellets was on average 0.81 mg. The
extract was methylated by diazomethane (CH2N2) for 30 minutes for oxylipin and fatty acid
analysis.

Extraction of pellets was performed through the application of the same protocol, but volumes of
the solvents were different; in particular, 3 ml MeOH, 10 ml MTBE and 2.5 ml water were added.
The second extraction step was performed by adding 10 ml of MTBE.

For each extraction, three replicates were considered.

MTRBE extraction - WATER preparation

In this procedure, lipids were extracted in MTBE/methanol (Matyash et al., 2008), but with a
specific sample preparation different from conventional method. Instead, samples were prepared
through initial addition of water, followed by addition of MeOH and MTBE in a fixed ratio of
2.5:3:10 v/v/v.

Cells on GF/A filters were re-suspended with 7.5. ml of water to cover the filter and lipid standards
(same amounts as reported above) were added. To allow cell lysis and oxylipin synthesis, the

sample was vortexed, sonicated for 1 min in ice bath and left at room temperature for 30 min to let

10
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enzymatic reactions to occur. Then, 9 ml of MeOH were added to stop enzymatic reactions and the
sample was vortexed again. After addition of 30 ml of MTBE, the sample was vigorously mixed
and then centrifuged at 4000 g for 6 min. at 4 °C. The upper organic phase was transferred into a
round-bottomed flask with a glass Pasteur pipette and the extraction was repeated by adding other
10 ml of MTBE to the water phase. The organic phases were combined and dried by rotatory
evaporator. The extract was re-suspended with MeOH/CH>Cl; 4:1, transferred into a weighted vial
and dried under nitrogen. As reported above, lipid extract was methylated by diazomethane
(CH2N>») for 30 minutes before oxylipin and fatty acid analysis.

Extraction of pellets was performed through the application of the same protocol, but with the use
of 3 ml MeOH, 10 ml MTBE and 2.5 ml water. The second extraction step was performed by
adding 10 ml of MTBE.

For each extraction, three replicates were considered.
LC-MS/MS analysis of glycerolipids and sterol sulphates

Extracts were carefully dissolved in 1 ml MeOH/CH2Cl, 4:1. An aliquot of 200 ul was transferred
into a glass vial and diluted to the final volume of 1 ml with MeOH (LC-MS grade). LC-MS
analysis was carried out injecting 5 pL of this solution. Chromatographic separation was performed
by Kinetex Biphenyl Column (130 A, 2.6 um, 2.1 x 150 mm; Phenomenex Inc) according to our
previous methods (Cutignano et al., 2016; Nuzzo et al., 2019). Peak identification and quantitation
was supported by LipidSearch® software (Thermo Scientific, Waltham, MA, USA).

Sterol sulphates were manually identified by using the Excalibur™ Software (Thermo

Scientific, Waltham, MA, USA) on the basis of their mass (m/z) and molecular fragmentation (Gallo
et al., 2018; Nuzzo et al., 2019). Absolute quantitation was determined on the basis of an external
calibration curve of the standard CHOS-d and hydrogenated monogalactosyldiacylglycerol (MGDG

16:0/18:0) for sterol sulphates and glycerolipids respectively. The calibration curves were estimated

11
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in the concentration range between 10 ng/ml and 1000 ng/ml (CHOS-d: y=49812x, R?>=0.9981;

MGDG 16:0/18:0 ESI': y=67x, 0.9604; MGDG 16:0/18:0 ESI": y=3"x, 0.9994, Figure S6).
Analysis of linear oxygenated fatty acids (LOFAs)

Dry extracts were carefully re-suspended with 100% MeOH to a final concentration of 1 mg/ml.
Analysis of LOFAs was performed by injecting 30 pl of this extract solution in a Micro-qTof mass
spectrometer (Waters, Milford, MA, USA) as described by d’Ippolito et al. ( 2018). Briefly,
oxylipins were eluted through a HPLC system in a gradient of MeOH and water (starting condition
75:25, viv) and at a flow of 1 ml/min. Oxylipin derivatives of hexadecatrienoic (HTrA) and
eicosapentaenoic (EPA) acids were targeted for the analysis and were quantified as described by
Russo et al. ( 2020). In particular, oxylipin quantitation was calculated as follows: ng(x) = (ax x
1000)/as, where “x” is the oxylipin species, “S” is the standard and “a” is the area of the peak in the

chromatogram.
Analysis of free fatty acids (FFAs) and total fatty acids (TFAs)

Analysis of fatty acids was performed on both MEOH and WATER extracts, before (FFAs) and
after saponification (total fatty acids, TFAs), in agreement with d’Ippolito et al. (2004). Fatty acids
were analysed as fatty acid methyl esters (FAMEs) with an ion-trap GC-MS instrument (Thermo
ITQ 700 Mass spectrometer interfaced with Thermo Focus GC Polaris Q; Thermo Scientific,
Waltham, MA, USA) injecting 2 pl of the extract solution 1 mg/ml in MeOH. The elution relied on
an increasing temperature gradient: 160 °C for 3 min, a subsequent increase of 3 °C/min to 260 °C,
followed by 7 min at 310 °C. Fatty acids were identified on the basis of retention time and MS/MS
fragmentation. Quantitation was achieved on the basis of the internal standard (nonadecanoic acid)

as described for oxylipins.

Data analysis

12
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The amount of glycerolipids, StS, LOFAs and FFAs in the samples was normalized by the total
number of cells harvested and the final value was expressed as fg-per-cell. The total amount of
glycerolipids, StS, LOFAs and FFAs was calculated for each sample. Significant differences
between the two preparations (MEOH and WATER) and the sample collection procedure
(centrifugation and filtration) were evaluated through #-tests (N=6) performed on log-transformed
values and considering Welch’s correction for unequal variances. Statistical significance was set at
0=0.01 to avoid type I error.

Statistical analyses and data representation were performed using R (version 3.6.1) implemented in

RStudio.

Results

Experimental setup

The experimental setup was designed to optimize and validate methods for phytoplankton sampling
and lipid extraction through MTBE/methanol. In particular, we tested variations in lipid (oxylipins,
fatty acids, glycerolipids and StS) extraction yields after MEOH and WATER treatments of diatom
cells. Also, we analysed differences in lipid extraction depending on cell collection methods, i.e.
centrifugation (algal pellets) and filtration on glass-fibre filters (Table 1).

First of all, we tested if MEOH and WATER preparations affected extraction yields of
glycerolipids, sterol sulphates (StS), oxylipins and free fatty acid (FFAs) in two identical diatom
biomasses. Two ecologically relevant strains of marine diatoms, namely Skeletonema marinoi and
Thalassiosira weissflogii, were accumulated as pellets (i.e. through centrifugation). These two
species were selected because they are characterized by distinct lipid metabolism (Cutignano et al.,
2006; d’Ippolito et al., 2018, 2006, 2004; Fontana et al., 2007a, 2007b). As S. marinoi is known to
possess strong hydrolytic and lipoxygenase activity, we expected MEOH and WATER preparations
for MTBE/methanol extraction to give significant differences in the extraction yields of lipids

(glycerolipids, StS, oxylipins and FAs). On the contrary, we hypothesized that MEOH and WATER
13
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preparations from Thalassiosira weissflogii did not lead to significant differences in the amount of
glycerolipids, StS, oxylipins and FFAs, because of the weak hydrolytic and lipoxygenase activity of

this diatom (Wichard et al., 2005a).

In agreement with our hypothesis, analysis did not reveal occurrence of LOFAs or differences in
lipids of T. weissflogii whereas there was a clear change between MEOH and WATER preparations
of S. marinoi. This experiment proved that cell preparation is crucial for the enzymatic activities
responsible for the synthesis of LOX products, whereas extraction by MTBE/methanol did not
affect the composition of the samples. This latter result was also confirmed for MEOH and WATER
preparations of S. marinoi cells collected on GF/A filters. Finally, MTBE/methanol extraction from
cell pellets and cells collected on GF/A filters did not lead to different yields of glycerolipids, StS,
and FFAs, while significant differences in LOFA concentrations were observed between extracts of

pellets and GF/A filters from WATER preparations.

Oxylipins (LOFAs)

In accordance to the literature (d’Ippolito et al., 2018, 2006, 2004; Wichard et al., 2005b),
lipoxygenase products were detected only in S. marinoi and not in 7. weissflogii (Table 2, Table
S1). Consistently with previous reports, these results also highlighted a significantly higher
concentration of total LOFAs in S. marinoi pellets extracted after WATER preparation in
comparison to those extracted after MEOH preparation (t=-9.35, d.f.=2.78, p<0.01, N=6) (Figure
1A, Figure S1, Table 2, Table S1). Quantitative analysis of extracts from S. marinoi cells collected
on GF/A filters gave the same results with major differences in LOFAs between WATER and
MEOH preparations (t=-5.88, d.£.=3.99, p<0.01, N=6) (Figure 1B, Table S1).

On the other hand, LOFA concentrations were significantly higher in extracts obtained from GF/A
filters than pellets (t=-17.67, d.f.=3.6, p<0.001, N=6) (Figure 1C, Table 2, Table S1).

In good agreement with the literature (d’Ippolito et al., 2018, 2004, 2003, 2002), LOFAs detected

after MTBE/methanol extraction were mostly composed of hydroxy-eicospentaenoic acid (HEPE)

14
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and epoxy-hydroxy-eicosatetraenoic acid (EHETE), while hydroxy-hexadecatrienoic acid (HHTTE)
and epoxy-hydroxy-hexadecadienoic acid (EHHDE) were present as minor components. Overall,
these data supported the reliability of LOFA extraction by MTBE/methanol of samples activated in

WATER.

Glycerolipids

A higher amount of glycerolipids was detected in MEOH than in WATER preparations from pellets
of S. marinoi and T. weissflogii (Table 2, Figure S2, Table S1) even if significant differences in the
total amount of these lipids (fg-per-cell) were found only in S. marinoi pellets (t=12.91, d.£.=2.22,
p<0.01, N=6). We identified eight different glycerolipid classes: monogalactosyldiacylglycerol
(MGDG), digalactosyldiacylglycerol (DGDG), sulfoquinovosyldiacylglycerol (SQDG),
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylglycerol (PG),
phosphatidylinositol (PI) and triglyceride (TG). Major differences (90% reduction in WATER)
between MEOH and WATER preparations were observed for MGDGs, SQDGs, PGs and PCs
(Table S1). TGs and PEs showed minor changes while DGDGs and PIs were below the detection
limit in WATER preparations.

Significant differences were also observed in total glycerolipid concentration between MEOH and
WATER preparations of S. marinoi collected on GF/A filters (t=17.96, d.£.=2.22, p<0.01, N=6)
(Figure 2C, Table 2). As reported for pellets, WATER preparations of filters showed major
depletions in MGDG, SQDG and PG concentrations in comparison to MEOH samples. Moreover,
also for GF/A filters, TGs were less affected by the preparation method and DGDG levels were
below the detection limit in samples from WATER preparation (Figure 2C, Table S1).

Finally, no variation in composition and no significant difference in the levels of glycerolipids were
found in samples from S. marinoi cells of pellets and GF/A filters (t=3, d.f.=3.44, p>0.01, N=0).
However, a slightly higher glycerolipid concentration was generally observed from pellets than

filters (Figure 2D, Table S1).
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Sterol sulphates (StS)

In general, preparation and collection methods did not affect composition and extraction yields of
StS (Figure S3, Table 2, Table S1). Therefore, we did not detect significant changes in StS
concentration between MEOH and WATER preparation in both S. marinoi pellet (t=-0.51,
d.f=2.04, p>0.01, N=6) (Figure 3A) and S. marinoi cells on GF/A filters (t=-2.03, d.f.=2.03,
p>0.05, N=6) (Figure 3C), as well as in 7. weissflogii pellet (t=-0.71, d.f.=2.04, p>0.05, N=6)
(Figure 3B; Table 2). Furthermore, no significant difference was observed in extracts of cells
collected by centrifugation or filtration (t=3.72, d.f.=3.88, p>0.01, N=6) (Figure 3D, Table 2).
Overall, characterization of StS identified two animal sterols (the cholesterol sulphate and
desmosterol sulphate) and three phytosterols (the 24-methylene-cholesterol sulphate,
dihydrobrassicasterol sulphate and 24-ethyl-cholesterol sulphate), in agreement with literature

information (Gallo et al., 2020).

Fatty acid methyl esters (FAMEs)

Free fatty acids (FFAs) did not significantly vary after MEOH and WATER preparation in both S.
marinoi (t=1.02, d.f.=4, p>0.05, N=6) and T. weissflogii (t=0.43, d.£.=2.65, p>0.05, N=6) pellets
(Figure 4A, B, Table 2, Table S1). Analogously, no significant variation was observed in S. marinoi
cells collected on GF/A filters (t=4.22, d.f.=3.63, p>0.01, N=6) (Figure 4C, Table 2, Table S1).
Moreover, cell harvesting procedures (i.e. centrifugation and filtration) did not cause significant
differences in FFAs concentrations in S. marinoi (t=-1.19, d.£.=2.11, p>0.05, N=6) (Figure 4D,
Table 2, Table S1).

In general, ten FA species were identified in S. marinoi and T. weissflogii including C14:0, C16:0,
Cl6:1, C16:3, C16:4, C18:0, C18:2, C18:3, C20:5 and C22:6. As expected, levels of these chemical
species were rather constant in 7. weissflogii (Figure S4) whereas reduction in C16:4, C16:3 and

C20:5 was found in extracts from S. marinoi cells from WATER preparations (Figure 4A and 4C,
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Table S1). These results were confirmed by analysis of total fatty acids (TFAs) after saponification

of S. marinoi pellets analysed (Figure S4, S5).

Discussion

Results highlighted that MTBE/methanol extraction is reliable for the identification and quantitation
of different lipid classes from diatom samples obtained after centrifugation (i.e. cell pellets) or
filtration on GF/A filters. The choice of Skeletonema marinoi as a model diatom for our
experiments was motivated by the extensive evidence reporting that the genus Skeletonema is
cosmopolitan and it forms large blooms in coastal regions across the globe (Canesi and Rynearson,
2016). S. marinoi (formerly reported as Skeletonema costatum) is currently considered as a model
diatom species in chemical ecology, in respect of its high oxylipin and StS synthesis potentials
(Barreiro et al., 2011; d’Ippolito et al., 2018, 2004; Fontana et al., 2007a, 2007b; Gallo et al., 2020,
2018, 2017; Ianora et al., 2004; Nuzzo et al., 2019).

In analogy with other extraction procedures, S. marinoi samples analysed after MTBE/methanol
extraction from MEOH and WATER preparations significantly differed in terms of total LOFA and
glycerolipid concentrations. These results were consistent between experiments performed on cells
from pellets or GF/A filters, thus suggesting that harvesting and extraction did not affect lipid
composition. In particular, higher glycerolipid concentrations were observed after MEOH
preparation of S. marinoi samples (both pellets and GF/A filters), while higher LOFA
concentrations were measured after WATER preparations in these same cultures. FFA
concentration was not affected by the sample preparation procedure (i.e. MEOH or WATER), but
this result was mostly dependent on the abundance of C16:0 and C16:1 FAs, which were not further
metabolised to form oxylipins. Instead, polyunsaturated fatty acids acting as oxylipin precursors
(mainly C16:3 and C20:5) were strongly depleted in S. marinoi samples extracted after WATER
preparation (Figure 4A, C). This hypothesis was further supported by GC-MS/MS analysis of FFAs

and TFAs, that showed selective reduction of those fatty acids that are known precursors of
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oxylipins in S. marinoi, such as C16:3 and C20:5 poly-unsaturated fatty acids (PUFAs) (Cutignano
et al., 2006; d’Ippolito et al., 2018, 2004; Fontana et al., 2007b, 2007a; Orefice et al., 2015). It is
interesting to note that other polyunsaturated fatty acids such as C18:2 and C18:3 occurred at
similar concentrations after WATER and MEOH preparation, in agreement with previous reports
that these fatty acids are not recognized as substrates by diatom lipoxygenases.

S. marinoi extracts analysed after MEOH preparation were consistently enriched in glycolipids
(DGDGs, MGDGs and SQDGs) and phospholipids (PGs, Pls, PEs), but as expected these
glycerolipid classes showed evident reduction after WATER preparation. Cell lysis induced by
sonication exposed glycolipids and phospholipids to the activity of lipolytic acyl hydrolases (LAHs)
prior to LOX-dependent synthesis of LOFAs (Adelfi et al., 2019; Cutignano et al., 2006; d’Ippolito
et al., 2004). This process was strongly favoured when cells were prepared through the addition of
water (i.e. WATER preparation), while it was strongly inhibited when samples were prepared
through the initial addition of MeOH (i.e. MEOH preparation), thus explaining the observed
differences in the two treatments. Interestingly, our results also confirmed that lipolytic activity
mainly focused on glycolipids and phospholipids, while triglycerides (TGs) were less affected
(Adelfi et al., 2019; Cutignano et al., 2006; d’Ippolito et al., 2004).

No significant variations in the lipid profiles of 7. weissflogii between MEOH and WATER
preparations were observed. This result was due to the very low hydrolytic and lipoxygenase
potential of this diatom, also supported by the absence of oxylipins (Wichard et al., 2005b). These
results were useful to offer a first validation of MTBE/methanol extraction procedures, highlighting
that differences in glycerolipid, oxylipin and FFA concentrations observed in S. marinoi were
mostly due to enzymatic reactions modulated by extraction procedures.

StS species quantified in S. marinoi and T. weissflogii were in good agreement with sterol
composition reported for these diatoms in previous studies (Gallo et al., 2020, 2018, 2017; Nuzzo et
al., 2019). Although no significant differences were observed between the preparation methods,

MTBE/methanol extraction involving MEOH preparation seems particularly suitable for sterol
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sulphate analysis, because concentrations of some species (e.g. desmosterol sulphate) were slightly
reduced after WATER preparations.

Concentration of glycerolipids, StS and FFAs showed no significant differences between cell pellets
and GF/A filters of S. marinoi. However, MTBE/methanol extraction supported higher recovery of
glycerolipids and StS from pellets, whereas LOFAs were found at higher concentrations when
extracted from filters. This result was probably due to cell lysis occurred during cell filtration with
consequent triggering of enzymatic reactions leading to lipid degradation, free fatty acid production
and final oxylipin synthesis. Thus, filters might be particularly advantageous to estimate LOX

products in diluted natural phytoplankton communities.

Conclusions

Comprehensive lipid analysis is arising as a promising approach to investigate plankton physiology
and ecological dynamics at the community-level (Da Costa et al., 2016; Gross and Han, 2011;
Heydarizadeh et al., 2013; Pohnert, 2010; Pohnert et al., 2007; Schwartz et al., 2016; Wenk, 2010).
Our results support substantial methodological improvement in phytoplankton sampling and lipid
analysis. Our methodology reduces the number of protocols to be applied for the extraction of
multiple lipid classes and allows more consistent analysis on the basis of coherent extractions based
on MTBE/methanol. In particular, effective extraction of glycerolipids and StS was achieved when
cells were suspended in MeOH, while effective extraction of oxylipins and FFAs relied on the
initial addition of water to activate enzymatic reactions.

These protocols can represent a reference methodology for characterization of lipids in natural
phytoplankton communities. In this perspective, cell collection on GF/A filters is particularly
advantageous when studying phytoplankton occurring at low cell densities in the field. In
comparison to centrifugation, cell collection on GF/A filters allows harvesting larger water
volumes, is less time consuming and reduces biases in sample composition due to supernatant

discard (Bidigare et al., 2003; Rodriguez-Ramos et al., 2014). Moreover, the biphasic
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MTBE/methanol extraction protocol allows effective removal of GF/A filter residues produced after
sonication and vortex agitation (Mayzaud et al., 2013), thus reducing loss of sample while enabling

direct chromatographic analysis of the extracts and reliable quantitation of lipids.
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Table 1. Summary of main differences in the lipid composition of cells of Skeletonema marinoi and

Thalassiosira weissflogii by MTBE/methanol extraction from different preparations (see main text).

Condition 1 = extraction from MEOH and WATER preparation of pellets of S. marinoi or T.

weissflogii; Condition 2 = extraction from MEOH and WATER preparation of S. marinoi cells on

glass-fibre filters; Condition 3 = extraction from MEOH preparation of pellets and filters of S.

marinoi; Condition 4 = extraction from WATER preparation of pellets and filters of SKE.

GLY=glycerolipids, StS=sterol sulphates, LOFAs=linear oxygenated fatty acids, FAME=fatty acid

methyl esters. Black circles indicate the analyses that were performed in each condition. Asterisks

indicate significant differences as indicated by t-tests considering Welch’s correction for unequal

variances (¢=0.01). n.d = not detected. n.a. = not analyzed.

Condition Diatom
1
S. marinoi
1

T. weissflogii

2

S. marinoi
3

S. marinoi
4

S. marinoi

Preparation

MEOH vs
WATER
MEOH vs
WATER
MEOH vs

WATER

MEOH

WATER

Variables
Harvesting
GLY StS LOFAs FAME
Pellet o* ° o* °
Pellet ° ° n.d. °
GF/A Filter o ° o* °
Pellet vs GF/A
° ° n.a. n.a
filter
Pellet vs GF/A
n.a n.a o* °
filter
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Figure 1. Concentration (fg-per-cell) of linear oxygenated fatty acids (LOFAs) in S. marinoi. A)
LOFA abundance and composition in S. marinoi pellets extracted with MTBE/methanol after
MEOH and WATER preparation. B) LOFA abundance and composition in S. marinoi cells
collected on GF/A filters extracted with MTBE/methanol after MEOH and WATER preparation. C)
LOFA abundance and composition in S. marinoi pellets and GF/A filters extracted with
MTBE/methanol after WATER preparation. Bar plots summarise average concentration (+s.d.) of
the detected oxylipins in the three cultures. Box plots are log-transformed values of total oxylipin
concentrations (mean#s.d.); asterisks indicate t-test significance between extracts (*=p<0.01;
**=p<0.001). Abbreviations: HEPE=hydroxyeicosapentaenoic acid, EHETE=epoxy-hydroxy-
eicosatetraenoic acid, EHHDE=epoxy-hydroxy-hexadecadienoic acid,

HHTrE=hydroxyhexadecatrienoic acid.

Figure 2. Glycerolipid concentration (fg-per-cell) in S. marinoi and T. weissflogii. A-B)
glycerolipid abundance and composition in S. marinoi and T. weissflogii pellets extracted with
MTBE/methanol after MEOH and WATER preparation. C) glycerolipid abundance and
composition in S. marinoi cells collected on GF/A filters extracted with MTBE/methanol after
MEOH and WATER preparation. D) glycerolipid abundance and composition in S. marinoi pellets
and GF/A filters extracted with MTBE/methanol after MEOH preparation. Bar plots summarise
average concentration (£s.d.) of the detected glycerolipid classes in the diatom cultures. Box plots
are log-transformed values of total glycerolipid concentrations (meants.d.); t-test significance
between the two extracts is indicated by the asterisks (ns=not significant; *=p<0.01). Abbreviations:
MGDG=monogalactosyldiacylglycerol, DGDG=digalactosyldiacylglycerol,
PC=phosphatidylcholine, PE=phosphatidylethanolamine, PG=phosphatidylglycerol,

PI=phosphatidylinositol, SQDG=sulfoquinovosyldiacylglycerol, TG=triacylglycerols.
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Figure 3. Sterol sulphate (StS) concentration (fg-per-cell) in S. marinoi and T. weissflogii. A-B)
StS abundance and composition in S. marinoi and T. weissflogii pellets extracted with
MTBE/methanol after MEOH and WATER preparation. C) StS abundance and composition in S.
marinoi cells collected on GF/A filters extracted with MTBE/methanol after MEOH and WATER
preparation. D) StS abundance and composition in S. marinoi pellets and GF/A filters extracted
with MTBE/methanol after MEOH preparation. Bar plots summarise average concentration (£s.d.)
of the detected StS classes in the diatom cultures. Box plots are log-transformed values of total StS
concentrations (mean#s.d.); t-test significance between the two extracts is indicated by the asterisks
(ns=not  significant).  Abbreviations: = 24-M-CHO=24-methylene  cholesterol  sulphate,
CHO=cholesterol sulphate, D BRASS=dihydrobrassicasterol sulphate, DES=desmosterol sulphate,

24 E_CHO=24-ethylcholesterol sulphate.

Figure 4. Free fatty acids (FFAs) concentration (fg-per-cell) in S. marinoi and T. weissflogii. A-B)
FFA abundance and composition in S. marinoi and T. weissflogii pellets extracted with
MTBE/methanol after MEOH and WATER preparation. C) FFA abundance and composition in S.
marinoi cells collected on GF/A filters extracted with MTBE/methanol after MEOH and WATER
preparation. D) FFA abundance and composition in S. marinoi pellets and GF/A filters extracted
with MTBE/methanol after MEOH preparation. Bar plots summarise average concentration (+s.d.)
of the detected FFA species in the three cultures. Box plots are log-transformed values of total FFA
concentrations (meants.d.); t-test significance is between the two extracts is indicated by the

asterisks (ns = not significant).
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Figure S3. LC-MS chromatograms (ESI") of sterol sulphates obtained for SKE and THA after
MEOH and WATER preparation. For a better visualization, molecules with a m/z between 450 and
500 and with retention time between 0 and 7 min were selected.
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Figure S4. GC-MS chromatograms of fatty acid methyl esters (FAME) obtained for SKE and THA
after MEOH and WATER preparation of samples. Total ion current (TIC) chromatograms ranging
between 5 and 30 minutes are displayed. Retention time is reported in abscissa, while ordinates
report the relative abundance of the peaks.
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Figure S5. GC-MS/MS quantitation (fg-per-cell) of free fatty acids (FFAs, left) and total fatty acids

(TFAs, right) analyzed as fatty acid methyl esters (FAMEs) in SKE extracts obtained after MEOH
or WATER (H20) preparation.
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Figure S6. Calibration curve to sterol sulfates (A) and hydrogenated MGDG in ESI" (B) and EST
(C) in the range between 10 ng/mL to 1000 ng/mL.
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Figure 1. Concentration (fg-per-cell) of linear oxygenated fatty acids (LOFAs) in S. marinoi. A)
LOFA abundance and composition in S. marinoi pellets extracted with MTBE/methanol after MEOH
and WATER preparation. B) LOFA abundance and composition in S. marinoi cells collected on GF/A
filters extracted with MTBE/methanol after MEOH and WATER preparation. C) LOFA abundance
and composition in S. marinoi pellets and GF/A filters extracted with MTBE/methanol after WATER
preparation. Bar plots summarise average concentration (£s.d.) of the detected oxylipins in the three
cultures. Box plots are log-transformed values of total oxylipin concentrations (mean=s.d.); asterisks
indicate t-test significance between extracts (*=p<0.01; **=p<0.001). Abbreviations:
HEPE=hydroxyeicosapentaenoic acid, EHETE=epoxy-hydroxy-eicosatetraenoic acid,

EHHDE=epoxy-hydroxy-hexadecadienoic acid, HHTrE=hydroxyhexadecatrienoic acid.

Figure 2. Glycerolipid concentration (fg-per-cell) in S. marinoi and T. weissflogii. A-B) glycerolipid
abundance and composition in S. marinoi and T. weissflogii pellets extracted with MTBE/methanol
after MEOH and WATER preparation. C) glycerolipid abundance and composition in S. marinoi
cells collected on GF/A filters extracted with MTBE/methanol after MEOH and WATER preparation.
D) glycerolipid abundance and composition in S. marinoi pellets and GF/A filters extracted with
MTBE/methanol after MEOH preparation. Bar plots summarise average concentration (+s.d.) of the
detected glycerolipid classes in the diatom cultures. Box plots are log-transformed values of total
glycerolipid concentrations (mean+s.d.); t-test significance between the two extracts is indicated by
the asterisks (ns=not significant; *=p<0.01). Abbreviations: MGDG=monogalactosyldiacylglycerol,
DGDG=digalactosyldiacylglycerol, = PC=phosphatidylcholine, = PE=phosphatidylethanolamine,
PG=phosphatidylglycerol, PI=phosphatidylinositol, SQDG=sulfoquinovosyldiacylglycerol,

TG=triacylglycerols.

Figure 3. Sterol sulphate (StS) concentration (fg-per-cell) in S. marinoi and T. weissflogii. A-B) StS

abundance and composition in S. marinoi and T. weissflogii pellets extracted with MTBE/methanol



after MEOH and WATER preparation. C) StS abundance and composition in S. marinoi cells
collected on GF/A filters extracted with MTBE/methanol after MEOH and WATER preparation. D)
StS abundance and composition in S. marinoi pellets and GF/A filters extracted with MTBE/methanol
after MEOH preparation. Bar plots summarise average concentration (+s.d.) of the detected StS
classes in the diatom cultures. Box plots are log-transformed values of total StS concentrations
(meants.d.); t-test significance between the two extracts is indicated by the asterisks (ns=not
significant). Abbreviations: 24-M-CHO=24-methylene cholesterol sulphate, CHO=cholesterol
sulphate, D BRASS=dihydrobrassicasterol sulphate, DES=desmosterol sulphate, 24 E CHO=24-

ethylcholesterol sulphate.

Figure 4. Free fatty acids (FFAs) concentration (fg-per-cell) in S. marinoi and T. weissflogii. A-B)
FFA abundance and composition in S. marinoi and T. weissflogii pellets extracted with
MTBE/methanol after MEOH and WATER preparation. C) FFA abundance and composition in S.
marinoi cells collected on GF/A filters extracted with MTBE/methanol after MEOH and WATER
preparation. D) FFA abundance and composition in S. marinoi pellets and GF/A filters extracted with
MTBE/methanol after MEOH preparation. Bar plots summarise average concentration (+s.d.) of the
detected FFA species in the three cultures. Box plots are log-transformed values of total FFA
concentrations (meanzs.d.); t-test significance is between the two extracts is indicated by the asterisks

(ns = not significant).
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