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Sphingolipids are significant component of plant-cell plasma membranes, as well as algal membranes, and
mediate various biological processes. One of these processes is the change in lipid content during the cell cycle.
This change is key to understanding cell viability and proliferation. There are relatively few papers describing
highly glycosylated glycosyl inositol phosphorylceramide (GIPC) due to problems associated with the extract-
ability of GIPCs and their analysis, especially in algae.

After alkaline hydrolysis of total lipids from the red alga Galdieria sulphuraria, GIPCs were measured by high-

resolution tandem mass spectrometry and fragmentation of precursor ions in an Orbitrap mass spectrometer in
order to elucidate the structures of molecular species. Fragmentation experiments such as tandem mass spec-
trometry in the negative ion mode were performed to determine both the ceramide group and polar head
structures. Measurement of mass spectra in the negative regime was possible because the phosphate group
stabilizes negative molecular ions [M-H]".
Analysis: of GIPCs at various stages of the cell cycle provided information on their abundance. It was found that,
depending on the phases of the cell cycle, in particular during division, the uptake of all three components of
GIPC, i.e., long-chain amino alcohols, fatty acids, and polar heads, changes. Structural modifications of the polar
headgroup significantly increased the number of molecular species. Analysis demonstrated a convex charac-
teristic for molecular species with only one saccharide (hexose or hexuronic acid) as the polar head. For two
carbohydrates, the course of Hex-HexA was linear, while for HexA-HexA it was concave. The same was true for
GIPC with three and four monosaccharides.

1. Introduction have the general structure glucose (glucosamine)-glucuronic
acid-inositol phosphoceramides, see Fig. 1 (Cacas et al., 2013; Markham

In eukaryotic organisms, especially in plants, sphingolipids are
among the main structural lipids of cell membranes (Gronnier et al.,
2016). Together with sterols and glycerolipids, sphingolipids are
essential for cell membrane formation, stability, and fluidity (Blaas and
Humpf, 2013; Breslow and Weissman, 2010). They also serve as
signaling molecules and components of lipid rafts (Breslow and Weiss-
man, 2010; Cacas et al., 2013; Rennie et al., 2014). The key structures of
sphingolipids are long-chain bases (LCB) and fatty acids (FA). These are
bound to a serine backbone, forming the basic structure of ceramide
(Breslow and Weissman, 2010). Glycosyl inositol phosphoceramides
(GIPCs) represent the most abundant class of sphingolipids in higher
plants, comprising up to tens of percent of the plasma membrane, and
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et al., 2006; Rennie et al., 2014).

The method of choice for sphingolipid analysis is liquid chroma-
tography connected with electrospray ionization - tandem mass spec-
trometry (LC-ESI-MS/MS), which provides the required structural
sensitivity, specificity and relatively high throughput. Another advan-
tage is the possibility to analyze a relatively small amount of biomass, e.
g., Tellier et al. (2014) published an analysis of GIPC obtained from 2 mg
of biomass. To simplify the analysis of GIPC, it is possible to perform
mild alkaline hydrolysis by treatment with methylamine in the crude
extract, hydrolyzing ester bonds in order to eliminate ester-containing
contaminating lipids such as triacylglycerols, glycolipids, and glycer-
ophospholipids (Bure et al., 2014; Markham et al., 2006). This treatment
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does not affect the amide bonds of sphingolipids (Markham et al., 2006).

Identification and characterization of GIPC in plants is currently a
subject of interest for lipid research (Bure et al., 2011; Cacas et al.,
2013). Nevertheless, there is little information available on the presence
of GIPC in algae. Two papers (Bure et al., 2014; Cacas et al., 2013) have
been published in which GIPCs were identified in the algae Chon-
dracanthus acicularis (formerly Ceramium aciculare), Ulva lactuca, and
Fucus vesiculosus, representatives of marine red, green, and brown
macroalgae, respectively, and also referred to as seaweed. Furthermore,
unicellular green algae of the genera Chlorella, Chlamydomonas, and
Coccomyxa were analyzed in the thesis (Rose, 2015), which, at least to
the best of our knowledge, has not been further published. HPLC-ESI-MS
found that hexuronic acid is not present in the genus Chlorella, and the
majority of GIPCs comprise hexosyl-hexosyl-inositol phosphoceramide
(Hex-Hex-IPC).

Processes controlling the cell cycle in eukaryotic microorganisms
have been studied and characterized thoroughly over the last half-
century (Fujiwara et al., 2020; Jong et al., 2021; Patterson et al.,
2021; Sato et al., 2021; Zachleder et al., 2019, 2021). Successful
completion of the cell cycle presents several structural challenges.
Plasma and organelle membranes must expand during the cell cycle and
undergo topological remodeling while maintaining their biochemical
and barrier functions. The correct composition of the daughter cell
membranes and their spatial arrangements must be secured. Finally, the
lipid membranes must be divided to form two or more viable daughter
cells. Disruption of membrane functions, improperly timed membrane
lysis, or improper spatial distribution of cellular components all pose
dangerous threats to cell survival that must be avoided to maintain cell
viability.

The success of the cell cycle across innumerable species suggests that
factors that influence the behavior, shape, and size of the membrane are
carefully controlled through repeated cycles of cell division, as reported
in bacteria (Furse et al., 2017), yeast (Blank et al., 2020), or green algae
(Li et al., 2016; Umen, 2018). As already described for prokaryotes
(Furse et al., 2017), but also the eukaryotic green alga Desmodesmus
quadricauda (Vitova et al., 2021), the change in lipid composition was
consistent with the fact that it had a significant effect on the geometry of
the structures formed (Koynova and Caffrey, 1998; Mulet et al., 2008).
This suggests therefore that lipids play an essential role in determining
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membrane behavior and thus, cell structure. Furthermore, published
data (Vitova et al., 2021) show that the composition of lipid membranes
is redesigned to minimize the cost of free energy when changing their
shape during the cell cycle (Furse and Shearman, 2018).

The above facts lead to the hypothesis that the biosynthesis of
structural lipids is associated with the cell cycle. We used synchronous
cultures of the red alga Galdieria sulphuraria (Galdieri) Merola (Gal-
dieriaceae) (Nahlik et al., 2021) to test this hypothesis. As an extremo-
phile, G. sulphuraria is characterized by unique features developed
during adaptation to its harsh environment. These features are often
metabolically conditioned, which is also true for the metabolism of
lipids (Vitova et al., 2016).

This study describes the optimization of extraction, mild alkaline
hydrolysis, shotgun lipidomics of total GIPCs, and hydrophilic interac-
tion liquid chromatography with mass spectrometry (HILIC/ESI-MS/
MS) for analysis of a wide range of GIPC homologs differing both in the
ceramide part and in the structure of the polar headgroup. In addition,
the abundance of individual molecular species of GIPC was further
studied during the cell cycle of the red alga G. sulphuraria.

2. Results and discussions

2.1. Extraction procedure, mild hydrolysis, and use of shotgun MS for
GIPC identification

Extraction of GIPC from cells is usually a problem, mainly because
GIPC is sparingly soluble in conventional solvent mixtures used for lipid
extraction. A published article (Markham et al., 2006) compares a few
methods, i.e., Bligh and Dyer (1959) (extraction by methanol:chloro-
form:water), Nichols (1963), and Christie and Han (2010) (chloroform:
propan-2-ol), Hanson and Lester (1980) (ethanol:water:diethylether:
pyridine:ammonia) and Toledo et al. (1995) (lower phase of
propan-2-ol:hexane:water). The results favor method four or five. Based
on these published data, the last method, i.e., extraction with a 2-prop-
anol:n-hexane:water mixture (55:20:25, v/v/v), was the optimized GIPC
extraction solvent system used.

Shotgun analysis of an algal extract harvested at zero hour was used
to determine if the alga produced GIPC at all. For preliminary identifi-
cation by negative ESI, the ion [C3P03-C;—-CO2]" at m/z 373.0540
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Fig. 1. Glycosyl inositol phosphoceramides (GIPC) have the general structure glucose (glucosamine)-glucuronic acid-inositol phosphoceramides.
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(C11H18012P7) was selected (Fig. 1S). Bure et al. (2011) described its
presence in all GIPC (from series A to series F). The m/z value is not
affected by changes in the hydrocarbon chains, i.e., fatty acids or
long-chain bases. The ion structure contains hexuronic acid (without
COOH) and inositol phosphate. Therefore, it is an ideal ion describing
the polar head of GIPC, i.e., it is a marker for GIPC. Panzenboeck et al.
(2020) indicated a value of 373.057 Da for the ion [C3PO3-C;—CO5] .
This value is very similar to the value represented in this paper, differing
by only 3 ppm. The presence of this ion confirmed that the red alga
G. sulphuraria produces GIPC; see text below.

Fig. 2 shows the precursor ion scan (PIS) at m/z 373.0540 of the
crude extract of the red alga G. sulphuraria, harvested at zero hour. The
mass differences in the negatively charged molecular ions [M-H] were A
~14 Da and its multiples, indicating different chain lengths with one,
two, or more additional methylene groups. Gradual extension by
methylene group(s) indicates an odd and even carbon chain number of
the sphingoid base or fatty acid. Based on this analysis, see Table 1S for
dozens of molecular species assumed, we confirmed that G. sulphuraria
produces several classes of GIPC, i.e. Hex-IPC, HexA-IPC, Hex-HexA-IPC,
HexA-HexA-IPC, Hex-Hex-HexA-IPC, and Hex-Hex-Hex-HexA-IPC. In
addition, there are several dozen homologs of different lengths of hy-
drocarbon chains in each class. In total, almost 100 molecular species
have been preliminarily identified by negative ESI. Further analyses
were performed to elucidate the structures of these molecular species
and especially changes in their abundance during various stages of the
cell cycle.

Sphingolipids, including GIPC, are generally stable to hydrolysis by
weak bases. Since the extraction of commonly occurring phospholipids
would still be incomplete using a 2-propanol:n-hexane:water mixture,
the total crude extract was subjected to mild alkaline hydrolysis using
monomethylamine (Bure et al., 2014; Markham and Jaworski, 2007;
Markham et al., 2006). Monomethylamine is a volatile and mild base
capable of hydrolyzing lipids containing esters (e.g., phospholipids or
triacylglycerols) but not sphingolipids. Fig. 3 shows the HILIC separa-
tion of the G. sulphuraria extract and standards. After mild hydrolysis, in
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addition to sphingolipids (six classes; numbers 27-32, see Fig. 3), only
sterols (numbers 5 and 6) and free fatty acids (No. 7), including one
unidentified class (peak 23), were present. Unfortunately, peak 23 could
not be identified. Based on tandem MS, we believe it is also a mixture of
sphingolipid homologs (different long chains bases and fatty acids) but
with an unknown polar head structure. The main homolog at m/z
1436.7239 [CeaH121NO29P3]” was cleaved in tandem MS and two highly
abundant ions, i.e., ion at m/z 743.0608 [C18H34025P3]" (polar head)
and the ion at m/z 710.6666 [C44HggNOs], i.e., probably ceramide
containing 2-hydroxylignoceric acid and phytosphingosine (2-amino--
octadecane-1,3,4-triol), were obtained.

Tandem mass spectra were monitored in the negative ion mode for
all [M-H] ions, and their fragmentations were compared with the data
of Blaas and Humpf (2013). Fragment ions in the tandem mass spectra
were labeled according to GIPC nomenclature see.Tables 2S and 3S The
group of polar heads in Fig. 2S consists of hexose-hexuronic acid inositol
phosphate or hexuronic acid-hexuronic acid inositol phosphate
(Fig. 3S). The differences manifested themselves both in the terminal
saccharide part (COOH versus CH;OH groups) and in the ceramides
(different chain lengths of hydroxy fatty acids). The tandem mass
spectra were made possible because the mass spectrometer Orbitrap was
operated in high-resolution mode. Resolution 110,000 was sufficient to
distinguish between ions 1276.7184 Da and 1276.7554 Da (Am = 0.037
Da). A resolution value of about 34,400 would be sufficient. The
collision-induced dissociation (CID) tandem mass spectra of the ions at
m/z 1276.7184 and m/z 1276.7554 are shown in Figs. 4 and 5. They
have a similar fragmentation, differing by ~14 Da only in the saccharide
part. Some ions arising from the ceramide part of the molecule differed
by the same value due to different lengths of hydrocarbon chains of
hydroxy fatty acids. All ion values, including abundances and the
probable structure of these ions, are given in Tables 2S and 3S

Additional hexoses and/or pentoses in the polar head of the GIPC
have been identified in many organisms (Bure et al., 2014; Cacas et al.,
2013) therefore, tandem MS higher homologs of GIPC were screened for
those mass differences. Based on both shotgun analysis and the
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Fig. 2. Shotgun of precursor ion scan (PIS) at m/z 373.0540 of total extract from G. sulphuraria (zero hour).
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Fig. 5. The collision-induced dissociation (CID) tandem mass spectra of ions at m/z 1276.7554.

separation of total GIPC by HILIC, it was found that GIPC containing
HexA-IPC with two or three other hexoses, respectively, were present.
Furthermore, the peaks from HILIC were manually collected and
analyzed by direct inlet in high-resolution negative ESI. The molecular
species Hex-Hex-Hex-HexA-IPC-t18:0/0H24:0 was selected as an
example for analysis by tandem MS. In particular, ions of the FA, S, and T
type differ in the CHy group (~14.016 Da) due to the presence of
2-hydroxytetracosanoic acid instead of 2-hydroxytricosanoic acid.
Fig. 4S shows the structure of the most abundant ions obtained by tan-
dem MS of [M-H] at 1586.8455 Da. Ions of type [ZoPO3-H] at m/z
7445914 (C4sHgsNO,P7) and [Y;-HI' at m/z 924.6548
(C48HgsNO13P ™) confirm the structure of the ceramide part of the
molecule, while ions [BsPO3-H]™ at m/z 903.2025 (C3oH48029P ) and
[C3PO3-H] at m/z 921.2131 (C3pHs0030P ) confirm the structure of the
polar head. Differences between [Y4—H]', [Y3-H], and [Ys-H]", [Yo-H]"
with 162.0530 Da and 162.0532 Da, respectively, correlated with the
loss of two hexoses (calculated exact mass 162.0529 Da). The difference
between ions of [Yo—H] and [Y;-H]  correlated with 176.0319 Da, i.e.,
the loss of hexuronic acid (calculated exact mass 176.0321 Da), and the
difference between [Y1-H] and [YoPOs3-H] with a calculated mass of
162.0527 Da was due to the cleavage of an inositol (calculated exact
mass 162.0528 Da). All the data mentioned above confirm the structures
of the polar head.

These fragmentation experiments confirmed the occurrence of GIPC
species having a polar head (Hex)3-HexA-IPC. Furthermore, GIPCs with
four sugars were identified in the seagrass (Zostera noltii) (Bure et al.,
2014), and their presence in other plant samples was confirmed by mass
spectrometric analysis (Cacas et al., 2013). Therefore, it can be assumed
that GIPCs with longer oligosaccharide chains are ubiquitous in plants
(Gronnier et al., 2016).

The major molecular species or ceramide structures in all GIPC
classes were combinations of saturated 2-hydroxy fatty acids, whether
even or odd, and phytosphingosine and its dihomo derivative, i.e., a
long-chain amino-triol containing a hydrocarbon chain with 20 carbons.

Three non-hydroxy fatty acids have been identified, namely palmitic,
stearic, and lignoceric acids.

GIPCs in algae differ from those in mosses, gymnosperms, and
monocotyledons, while dicotyledons have the most significant
complexity. Algae contain inositol phosphoceramides bound to either
hexuronic acid or hexose. Conversely, higher plants, i.e., mono-
cotyledonous and dicotyledonous plants, contain more complex lipids
with hexose or pentose units bound to hexouronic acid. GIPC is usually
grouped into six series, as described by Buré et al. in Table 1 (Bure et al.,
2011). Table 4S shows the published structures of all GIPCs found in
algae. It is clear from the table that diversity in the content of the cer-
amide part is relatively small. Hydroxy-fatty acids, both saturated and
monoenoic, with a chain length of C24 to C28, are always present, with
the exception of U. lactuca, where hydroxy-palmitic acid is also present.
Phytosphingosine and/or dehydrophytosphingosine (4-hydroxy-8--
sphingenine) were always present as the major long-chain amino alco-
hols. Diversity in the polar head was already much more significant, e.g.,
in the green algae of the genus Chlorella, hexuronic acid was identified.

In contrast, in green algae Coccomyxa and Chlamydomonas, hexur-
onic acid was not identified. The red alga Chondracanthus acicularis also
does not contain hexuronic acid, whereas, in seaweed (Fucus vesiculosus,
class Phaeophyceae), it was present. Li et al. (2017) published a
comprehensive study of sphingolipids in 17 strains of microalgae, i.e.,
diatoms, dinoflagellates, and haptophytes. Ceramides, mono-, di-, and
trisaccharides of ceramides, but not GIPC, were identified. Nevertheless,
it is clear from all the above papers that microalgae can biosynthesize
sphingolipids. The above analyzes show that, firstly, it is necessary to
expand the number of algae analyzed and, secondly, to unify the
methodology of GIPC analysis.

Further confirmation of the possibility of biosynthesizing GIPC was
obtained from GenBank, where key enzymes necessary for GIPC
biosynthesis were identified in the published genome of the red alga
Galdieria sulphuraria, i.e., inositolphosphorylceramide synthase-like
protein (GenBank XP_005703814.1) and glucuronyl/N-
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acetylglucosaminyl transferase EXT1 (Genbank XP_005708838.1).
Multiple sequence alignments (MSA) of inositol phosphorylceramide
synthase-like protein of different red algae Galdieria sulphuraria (strain
074W), Cyanidioschyzon merolae, Porphyridium purpureum, Gracilariopsis
chorda was carried out (Fig. 5S). Furthermore, for the glucuronyl/N-
acetylglucosaminyl transferase EXT1 protein of the red alga Galdieria
sulphuraria (strain 074W) and the diatom Fistulifera solaris, a sequence
alignment was performed (Fig. 6S), showing the conserved domains of
enzymes through various algal species.

2.2. Change of GIPC during the cell cycle

Samples of algae taken at different stages of the cell cycle (from zero
to the eighteenth hour, see Table 5S) were analyzed in the same way.
Fig. 6 shows three chromatograms of GIPC at the zero, twelfth and
eighteenth hours, accompanied by photomicrographs of the
G. sulphuraria at these stages of the cell cycle. The cells started to divide
into two at the twelfth hour, and four at the eighteenth hour.

Fig. 7 shows that the two aminoalcohols had completely different
distributions during the cell cycle. While t18:0 had a convex course,
t20:0 was concave. The only OH-FA, i.e., OH-24:0 as the major hydroxy-
acid, had a concave course (Fig. 7), while all others, even non-hydroxy
fatty acids, had a convex course (see also Table 6S). In the case of intact
molecular species of GIPC, the situation is further complicated by the
polar head, as shown in Fig. 8 and Table 6S.

The heat map in Fig. 8 shows that the GIPC abundance related to
polar head structures has a concave or convex course. The abundance is
convex for molecular species having only one saccharide (hexose or
hexuronic acid) as the polar head. For two saccharides, the course of
Hex-HexA is linear, while for HexA-HexA it is concave. The same is true
for GIPC with three and four monosaccharides, respectively. In indi-
vidual molecular species, the two tendencies, i.e., convexity and con-
cavity, intersect. An example is one of the major molecular species,
HexA-IPC-t18:0/0H24:0, where the abundance at the end of the cell
cycle is slightly higher than at the beginning (zero versus the eighteenth
hour). A completely different situation is the molecular species Hex-Hex-
HexA-IPC-t18:0/0H24:0, where the abundance increases approximately

Phytochemistry 194 (2022) 113025

halfway through the cycle and then at the 18th h is lower than at 0 h.

Similar trends were found for phospholipids in the green alga
D. quadricauda, where the concave course of PE and PG abundance
through the cell cycle was demonstrated, with PE being lower at the end
of the cell cycle than at the beginning (Vitova et al., 2021). On the other
hand, the course of PC abundance was convex through the cell cycle, as
for GIPC, with one saccharide polar head in G. sulphuraria. The changes
in individual lipid abundance through the cell cycle were closely
correlated with their roles in membrane structure, fluidity, and
remodeling (Vitova et al., 2021).

Because GIPCs have large polar heads and very-long-chain FA, they
tend to aggregate with phospholipids or even with phospholipids and
sterols. GIPC thus increases the membrane thickness by several nm, i.e.,
up to 6-7 nm, probably due to the high negativity of GIPC caused by its
phosphate group and the carboxyl group from HexA in the polar head
(Mamode Cassim et al., 2021). Alterations in ceramide length and hy-
droxylation of GIPC can alter membrane organization as well as sphin-
gomyelin in animal cells. Plant GIPC is structurally homologous to
animal gangliosides, which are absent from plants. Gangliosides are
acidic glycolipids containing sialic acid in their polar head and play an
important role in immunity and signal transduction in the plasma
membrane. Polyglycosylated GIPC may have a similar role as
gangliosides.

Our experiment showed that glycosylation of GIPC is necessary for
membrane development and function. Sphingolipids promote mem-
brane organization and rigidity, although it is unclear how sugar resi-
dues contribute to this process (Moore et al., 2021). We hypothesize that
particular GIPC may promote membrane organization and stability
during rapid growth. Functional differences in the stereochemistry of
glycolipid carbohydrates and their effect on membrane dynamics have
not been studied in detail. It has been reported that small changes in
carbohydrate stereochemistry can lead to significant changes (Fogarty
et al., 2020). Molecules having differences in carbohydrate stereo-
chemistry can drastically affect membrane shape and bending (Bhatta-
charya et al.,, 2019), but the physical principles that cause these
differences have not yet been elucidated.

Unfortunately, GIPCs cannot be easily extracted by conventional
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Fig. 7. Heat maps of aminoalcohols and hydroxy and/or non-hydroxy fatty acids during the cell cycle.

methodologies, and analysis is technically difficult, so it is often over-
looked. Only with the use of the modern methods of mass spectrometry
was progress made in their investigation. The consequence of these
analyses is that plant membrane glycerophospholipids may be relatively
less abundant than previously thought. Cacas et al. (2016) showed that
GIPC is the major lipid of the tobacco (Nicotiana tabacum)
highly-purified plasma membrane and can reach up to 40 mol% of total
lipids. In Arabidopsis thaliana leaves, GIPC is estimated to make up 50%
of plasma membrane lipids (Liu et al., 2020).

3. Conclusion

Structural information on GIPC sphingolipids and their polar heads
in algae are rare and yet remain virtually uncharacterized. With

advances in analytical chemistry, more specifically in the field of mass
spectrometry, our analysis of algal GIPC represents an attempt to char-
acterize both the static presentation and especially the differences in
abundance during the cell cycle of the red alga G. sulphuraria.

Glycerophospholipids were removed by alkaline hydrolysis, and
tandem mass spectra with high resolution and fragmentation of pre-
cursor ions in the Orbitrap mass spectrometer were measured to eluci-
date the molecular structures of GIPC. Fragmentation experiments such
as FTMS? in the negative ion mode were performed to determine the
structures of both the ceramide moiety and the structures of the polar
heads. Measurements of mass spectra in the negative mode were
possible because the phosphate group stabilizes negative molecular ions
[M-H]". Single-charged GIPC was screened in the mass range of m/z 200
to 2000 in the negative ion mode.
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Fig. 8. Heat maps of intact molecular species of GIPC during the cell cycle.

GIPC analysis at various stages of the cell cycle provided results on
their abundance. It was found that, depending on the stages of the cell
cycle, namely during division, there was a change in the entrapment of
all three components of GIPC, i.e., long-chain amino alcohols, fatty
acids, and polar heads. The structural modifications of polar heads
significantly increased the number of molecular species. Further
research should focus on the pattern of GIPC glycosylation. This paper
thus opens the way to address the function of plant glycosylated
sphingolipids in the organization and function of membranes.

4. Experimental
4.1. Standards

D-glucosyl-B-1,1'-N-oleoyl-D-erythro-sphingosine (S1), D-lactosyl-3-
1,1’-N-oleyol-D-erythro-sphingosine (S2), and sphingosyl phosphoino-
sitol (D-erythro-sphingosyl phosphoinositol) were purchased from
Sigma (Prague, Czech Republic), SYBR Green I from ThermoFisher
Scientific (Linz, Austria). All other reagents used were of analytical
grade and purchased from Merck (Prague, Czech Republic) or Penta
(Chrudim, Czech Republic).

4.2. Algal cell cultures and growth conditions

The unicellular red alga Galdieria sulphuraria (Galdieri) Merola
(Galdieriaceae) 002 was obtained from the Algal Collection of Diparti-
mento delle Scienze Biologiche, Section of Plant Biology, University
“Federico II” of Naples, Italy.

Cells of G. sulphuraria from a 3-week-old agar plate were used to
inoculate the batch culture to be synchronized. The synchronization

itself was carried out by alternating light/dark periods, the lengths
chosen according to the growth parameters of the cells (Nahlik et al.,
2021). For the cell cycle experiment, a synchronized culture was diluted
at the beginning of the light period to the initial DM of 100 pg mL~L. The
light/dark (L/D) cycle at the optimal conditions was set as 16/8 h L/D.
Sampling was conducted every hour to evaluate the cell cycle parame-
ters. The sampling for the GIPC analyses was done every 3 h. For
cultivation details see Supplements.

4.3. Confocal microscopy

To follow the cell cycle progress, confocal microscopy was employed.
The algal cells were stained with SYBR Green (see Supplements). The
cells were observed under an LSM Zeiss 880 confocal microscope (Carl
Zeiss, Jena, Germany) using the following excitation wavelengths:
chlorophyll - 633 nm, and SYBR Green I - 405 nm.

4.4. Preparation of lipid extracts and mild alkaline hydrolysis

Total sphingolipids were extracted according to (Markham and
Jaworski, (2007)) with some modifications. Briefly, lyophilized algal
biomass (zero to 18th hour) was homogenized in 5 mL of isopropanol.
After adding 0.5 ml of hexane and 1 ml of water, the homogenate was
incubated at 60 °C for 10 min. After centrifugation, the insoluble residue
was extracted twice more with an isopropanol/hexane/water bottom
phase (55:25:20, v/v/v). The combined extracts were evaporated to
dryness. GIPC was hydrolyzed by treatment with methylamine, ac-
cording to (Markham et al., (2006)). Briefly, mild alkaline hydrolysis
was performed with methylamine for 60 min at 50 °C. The solution was
evaporated and the residue was dissolved in
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tetrahydrofuran/methanol/water (2:1:2, v/v/v, containing 0.1% formic
acid) and analyzed by mass spectrometry.

4.5. Shotgun lipidomics

An LTQ-Orbitrap Velos mass spectrometer (Thermo Fisher Scientific,
San Jose, CA, USA), a high-resolution hybrid mass spectrometer equip-
ped with a heated electrospray interface (H-ESI), was operated in
negative ionization mode. Flow Injection Analysis (FIA) was used for
sample introduction into the H-ESI ion source. Methanol:acetonitrile:
aqueous 1 mM ammonium acetate (10:70:20, v/v/v) was used at a flow
rate of 150 pL/min. The MS scan range was performed in the Fourier
transform mode and recorded within a window between 200 and 2000
m/z. The ion spray voltage was set at —2.5 kV in the negative ionization
mode with the following parameters: sheath gas flow, 18 arbitrary units
(AU); auxiliary gas flow, 7 AU; ion source temperature, 250 °C; capillary
temperature, 230 °C; capillary voltage, 50 V; and tube lens voltage, 170
V. Helium was used as a collision gas for collision-induced dissociation
(CID) experiments. The CID normalization energy of 35% was used for
the fragmentation of parental ions. The MS/MS product ions were
detected in high-resolution FT mode. The calibration of the MS spec-
trometer was conducted using a Pierce LTQ Orbitrap negative ion cali-
bration solution (Thermo Fisher Scientific, San Jose, CA, USA). The
internal lock mass was used in the acquisition of mass spectra, i.e.,
255.2330 Da, [M-H] of palmitic acid in negative ESI. The mass accuracy
was better than 0.9 ppm. The chemical structures of compounds were
confirmed with the help of the spectral database LIPID MAPS® Lip-
idomics Gateway (http://www.lipidmaps.org/).

4.6. HILIC-MS-ESI

The HPLC equipment consisted of a 1090 Win system, PV5 ternary
pump and automatic injector (HP 1090 series, Hewlett Packard, USA),
and two Ascentis® Express HILIC connected in series, 2.7 pm particle
size, L x I.D. 150 mm x 4.6 mm Merck (formerly Supelco, Prague, Czech
Republic) with an injection volume of 30 pL. HPLC was performed at a
flow rate of 0.95 mL/min with a linear gradient from the mobile phase
containing methanol: acetonitrile:aqueous 1 mM ammonium acetate
(50:30:20, v/v/v) to methanol:acetonitrile:aqueous 1 mM ammonium
acetate (10:70:20, v/v/v) for 60 min. The column temperature was 35 °C
and the re-equilibration period between runs was 30 min. The 10%
HPLC flow was introduced into the ESI source, and 90% of the flow
containing fractions of lipid classes was collected manually. In order to
have sufficient material, the fractionation was repeated up to five times,
and the corresponding fractions were pooled, evaporated to dryness, and
re-dissolved in an appropriate volume of the mobile phase. The system
backpressure reached 1000 bars during gradient analysis. The LTQ
Orbitrap Velos (Thermo Fisher Scientific, Bremen, Germany) high-
resolution hybrid mass spectrometer was used for the ESI-MS analysis
under the conditions described above.
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