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Changes in phospholipid profiles in early larval
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indicate a role of ceramides in bivalve development
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Abstract: Background: Phospholipids are highly diverse molecules with pleiotropic biological roles, from membrane
components and signaling molecules, whose composition can change in response to both endogenous and external
stimuli. Recent lipidomic studies on edible bivalve mollusks were focused on lipid nutritional value and growth re-
quirements. However, no data are available on phospholipid profiles during bivalve larval development. In the model
marine bivalve Mytilus galloprovincialis, early larvae (up to 48 hours post fertilization-hpf) undergo dramatic molec-
ular and functional changes, including shell biogenesis and neurogenesis, that are sustained by egg lipid reserves.
Changes in phospholipid composition may also occur participating in the complex processes of early development.
Objective: The lipidome of M. galloprovincialis eggs and early larval stages (24 and 48 hpf) was investigated in order
to identify possible changes in phospholipid classes and related metabolic pathways that may play a role in key
steps of development. Materials and methods: Lipidomic analysis were performed by NMR spectroscopy and liquid
chromatography-mass spectrometry (LC-MS), with focus on phospholipids. Shifts in relative species composition
of phosphatidylcholine, phosphatidylethanolamine, plasmalogen, and ceramide aminoethylphosphonate-CAEP, the
bivalve analogue of the main mammalian ceramide sphingomyelin, were observed. Expression of genes involved in
ceramide homeostasis was also modulated from eggs to early larval stages. Results: The results represent the first
data on changes in phospholipid composition in bivalve larvae and suggest a functional role of phospholipids in
mussel early development. Conclusion: The results underline the importance of lipidomic studies in bivalve larvae,
in both physiological conditions and in response to environmental stress.
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Introduction in cell signaling (i.e., phosphatidylinositols, dia-
cylglycerol, phosphatidic acid, sphingosine-

Lipids are a broad class of highly diverse mole- 1-phosphate, ceramide-1-phosphate, eicosa-

cules with pleiotropic biological roles. They
have been classified in fatty acids, glycerolip-
ids, glycerophospholipids, sphingolipids, sterol
lipids, prenol lipids, saccharolipids and poly-
ketides, each including different classes and
subclasses (https://www.lipidmaps.org). Diff-
erent lipids are responsible for energy produc-
tion and storage (i.e., triglycerides), represent
the main structural components of cell mem-
branes (i.e., phospholipids) and play key roles

noids) (https://www.lipidmaps.org/resources/
lipidweb).

Since they are highly abundant and ubiquitous
across all organisms, and their composition
often changes drastically in response to exter-
nal stimuli [1, 2], lipids represent a class of
molecules with a unique promise for environ-
mental science. Thanks to the development of
analytical techniques, revealing the complexity
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of the lipidome in a wide range of species living
in different environments, environmental lipido-
mics represents an emerging concept in under-
standing the response of organisms and eco-
systems to a changing world.

In marine invertebrates, although main lipid
classes and fatty acids have been widely inves-
tigated, data on lipidomes are still limited to
few species [3-6]. In edible bivalve mollusks
(mussels, oysters, clams), lipidomics has been
recently applied in studies on their nutritional
value, and their requirements for growth [7-10].
This information is crucial for bivalve aquacul-
ture in terms of traceability, shelf-life of the
commercial product, physiology of reproduc-
tion, larval development, possible impact of
contaminants and climate changes, and host-
pathogen interactions.

Main lipid classes identified in bivalves in-
clude glycerophospholipids, sphingolipids, glyc-
erolipids, fatty acids and sterols [7]. Among
these, sphingolipids are a numerous and versa-
tile group that are abundant in cellular mem-
branes, characterized by a ceramide (e.g.,
2-N-acyl-sphingosine) backbone. Sphingosine-
based degradation products participate in
many physiological processes, including signal-
ing events that modulate multiple cellular func-
tions (apoptosis, proliferation, differentiation,
inflammation) [11, 12]. The diversity of biologi-
cal roles of sphingolipids suggests their impor-
tance across a variety of organisms, life stages
and environmental conditions.

Many invertebrates possess characteristic
ceramides (e.g., ceramide phosphoethanol-
amine-CPE, ceramide aminoethylphosphona-
te-CAEP), that are analogues of vertebrate
sphingomyelin [13]. In bivalves, CAEP often rep-
resents the third most abundant polar lipid
after phosphatidylcholine (PC) and phosphati-
dylethanolamine (PE) [8, 11]. Recent lipidomic
analyses of immune cells (hemocytes) of the
marine bivalve Mytilus galloprovincialis reveal-
ed the presence of 29 mol% CAEP among all
phospholipids [14], in line with data obtained
by analyzing the whole adult and juvenile
Mytilus spp. lipidome [7, 8, 15]. Ceramides
may play different physiological roles in adult
bivalves. For example, in the gills of oysters
(Crassostrea virginica), changes in expression
of ceramide-related genes induced by bacterial
challenge suggested the role of ceramides in
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stress and/or immune responses [16]. In the
hepatopancreas, two tightly associated en-
zymes, ceramide glycanase and ceramidase,
were identified, that are responsible for genera-
tion of sphingosines and fatty acids to serve as
signaling factors and energy source [17].

Embryos and larvae of marine species are par-
ticularly vulnerable to the stressors associated
with ocean-related global changes [18]. Early
larvae receive cellular defense mechanisms
and energy reserves from eggs, that prepare
them to face natural environmental variations;
however, anthropogenic changes can affect
these capacities [19]. Available data on lipid
composition of bivalve eggs suggest that more
than half of the energy requirements for
embryogenesis is met by lipids, in particular by
polyunsaturated fatty acids (PUFAs). These
comprise 20:5(w-3) (eicosapentaenoic acid-
EPA), preferentially utilized as a source of ener-
gy, and 22:6(w-3) (docosahexaenoic acid-
DHA), as a structural compound, respectively
[20]. However, information on the lipidome of
early larval stages, in particular on phospholip-
ids, is lacking. Membrane lipids modulate ex-
changes between the intracellular and the
extracellular environment, and therefore play a
key role in metabolic regulation and ion homeo-
stasis [21]. Data on phospholipid composition
may thus provide meaningful information to
understand compositional changes in function-
al lipids across early developmental stages.

The mussel Mytilus spp. is a species of eco-
nomic and ecological importance in coastal
areas. In the Mediterranean mussel M. gallo-
provincialis, early larval stages (from the tro-
cophora at 24 hpf to the first shelled D-veliger
larva at 48 hpf) represent a critical point in
development, when the blueprint for calcifica-
tion and neurodevelopment are established
[22-25]. Objective of the present work was to
investigate the phospholipidome of early larval
stages of M. galloprovincialis, in order to iden-
tify possible changes in phospholipid classes
and related metabolic pathways that may play
a role in key steps of development.

Data are presented on the lipidome of mussel
eggs and early larval stages (24 and 48 hpf),
with focus on membrane phospholipids, cera-
mides in particular. Lipidomic analyses were
carried out by nuclear magnetic resonance
spectroscopy (NMR) and liquid chromatography
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coupled to mass spectrometry (LC-MS). Basal
expression of genes involved in ceramide bio-
synthesis (serine palmitoyltransferase-1, 3-
ketodihydrosphingosine reductase), metabo-
lism (ceramide glucosyltransferase), and break-
down (acid ceramidase), was also evaluated by
gPCR.

Methods
Mussels and larval development

Mussels (M. galloprovincialis Lam.), were pur-
chased in February 2022 from an aquaculture
farm in the Ligurian Sea (La Spezia, Italy)
and acclimatized in static tanks containing aer-
ated artificial sea water (ASW), pH 7.9-8.1, 36
ppt salinity (1 L/animal), 16+1°C, for 3 days.
Gamete collection obtained by spontaneous
spawning and fertilization were performed fol-
lowing [26]. After checking egg quality and
sperm motility, fertilization was carried out
with an egg:sperm ratio of 1:10 and fertilization
success (n. fertilized eggs/n. total eggs x100)
was verified after 30 min by microscopic obser-
vation (>90%).

For lipid analysis, unfertilized eggs (about
3,000,000/sample) were centrifuged at 800x
g for 10 min, at room temperature. Larvae were
grown in 1 L of aerated ASW (200 larvae/mL),
at 16+1°C, and collected at 24 and 48 hpf by
centrifugation at 800x g for 10 min.

For gPCR analysis, unfertilized eggs (about
24,000 eggs/mL) were collected by centrifuga-
tion at 400x g for 10 min, at 4°C. Larvae
grown in polystyrene 6-well plates (final volume
8 mL) were collected at 24 and 48 hpf by a
nylon mesh (20 ym pore-filter), washed with
ASW and centrifuged at 800 xg for 10 min at
4°C [26]. For each larval stage, about 7,000
embryos/replicate were utilized. Larval pellets
and unfertilized eggs were lysed in 1 mL of TRI
Reagent (Sigma Aldrich, Italy) and stored at
-80°C.

Larval samples were obtained from 3 or 4 inde-
pendent parental pairs, respectively, for lipid
and gPCR analysis.

Lipid extraction

Lipids were extracted from eggs and 24 and 48
hpf larvae following [27]. After sample collec-
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tion by centrifugation, the pellets were re-sus-
pended in 700 pL of milliQ water, then added
with 3 mL of chloroform/methanol (2:1 v/v).
Samples were sonicated in ice with a Tip
Sonicator (UP200S Hielscher Ultrasonic Tech-
nology, Germany) for 20 min, at 200 W, with a
50% on/off cycle. The obtained suspension
was vortexed thoroughly and centrifuged at
6000x g for 10 min at 4°C to separate the two
phases. The lower phase was collected, and
the inter-layer sediment and the aqueous
phase were extracted again as described
above. The lower phases, containing lipids,
were dried by N, flux, weighted and stored at
-80°C. Lipids were dissolved in 600 yL deuter-
ated methanol (MeOH-d,) for lipidomic analy-
sis, as previously described in hemocytes of
adult mussels [14].

Lipidomics

Lipidomic analyses were performed as previ-
usly described [14, 28].

Nuclear magnetic resonance analysis: H-
NMR (400 MHz) and 3!P-NMR (162 MHz) spec-
tra of lipid extracts in MeOH-d, were recorded
at 300 K by a nuclear magnetic resonance
(NMR) spectrometer (400 MHz; Bruker-Avan-
ce, Bremen, Germany), with a 5-mm double
resonance broadband observe probe and
pulsed-gradient field utility. The *H-90° proton
pulse length was 9.3 ps, with a transmission
power of O db. The 3!P-90° proton pulse leng-
th was 17 ps, with a transmission power of -3
db. The probe temperature was maintained at
300.0 K (0.1 K) using a variable temperature
unit (B-VT 1000; Bruker). Calibration of the
chemical shift scale () was performed on the
residual proton signal of the MeOH-d, at
6, 3.310, and the phosphatidylcholine (PC)
signal at 9, -0.550 ppm was used for calibra-
tion of the 3P-NMR 0§ scale. The following
measurements were performed: *H-NMR (i.e.,
proton chemical shifts, scalar couplings) and
31P-NMR composite pulse decoupling in order
to remove any proton coupling in 3'P-NMR
spectra, where generally 4000 free induction
decays were acquired and processed using
exponential line broadening of 0.3 Hz prior to
Fourier transformation. The resulting one-
dimensional NMR (1D-NMR) spectra were ana-
lysed using TopSpin 3.6.1 (Bruker, Bremen,
Germany). The lipid classes from NMR data
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were identified through comparisons to availa-
ble lipid standards.

HPLC-electrospray ionization-mass spectrome-
try analysis: Lipid extract were analysed by lig-
uid chromatography-mass spectrometry (LC-
MS) (Model 1100 series; Hewlett-Packard)
coupled to a quadrupole ion-trap mass spec-
trometer (Esquire LCTM; Bruker, Bremen,
Germany) equipped with an electrospray ioni-
sation source in both positive and negative ion
modes [28]. Chromatographic separation of
lipids was carried out at 303 K on a thermo-
statted C18 column (Kinetex 2.6 y; length,
100 mm; particle size, 2.6 um; internal diame-
ter, 2.1 mm; pore size, 100 A; Phenomenex,
Torrence, CA, USA). The solvent system con-
sisted of eluent A as MeOH/H,0 (7:3, v/v) con-
taining 10 mM ammonium acetate, and eluent
B as isopropanol/MeOH (10:90, v/v) contain-
ing 10 mM ammonium acetate. Samples were
resuspended in 1 mL CHCI/MeOH (2:1, v/v),
and aliquots of 10 pyL were run with a linear
gradient of eluent B from 65% to 100% for 40
min, followed by 20 min isocratic elution with
100% B at 1 mL/min, to elute the diglycerides
and triglycerides. The column was then equili-
brated with 65% B for 10 min. The MS scan
range was 50-1500 m/z, at 13,000 U/s, with
a mass accuracy of ~100 ppm. The nebuliser
gas was high purity nitrogen at a pressure of
from 20 to 30 psi, a flow rate of 6 L/min and
at 300°C. The electrospray ionisation was
operated in positive ion mode for the qualita-
tive analyses of triglycerides (TAG), phosphati-
dylcholine (PC), plasmenyl-PC (pPC), and sphin-
gomyelin (SM). Both positive and negative ion
modes were set for phosphatidylinositol (PI),
phosphatidylethanolamine (PE), plasmenyl-PE
(pPE) and CAEP, while negative mode was
implemented for free fatty acids (FFAs). Data
are reported as relative abundance with a 1%
cutoff.

Lipidomic data analysis: NMR and MS data
were analyzed as previously described [14, 28].
1H-NMR data were processed to evaluate the
molar ratio of all lipids, including phospholi-
pids, triglycerides (TAGs), and sterols. *H-NMR
data were also utilized to calculate the content
of polyunsaturated (PUFA), monounsaturated
(MUFA), and saturated acyl chains (SFA). Peaks
were normalized by the number of protons cor-
responding to each signal. In order to calculate
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the PUFA, MUFA and SFA molar fractions, the
1H-NMR signal corresponding to the a-protons
(2.30 ppm) was normalized to 100%, as all lip-
ids contribute to this signal. 3*P-NMR data were
analyzed to evaluate the molar fractions of dif-
ferent phospholipid classes. Molar fractions
were calculated by integrating all 3*P-NMR sig-
nals relative to the sum of total phospholipids
in the sample (normalized to 100%). The inte-
gral of a single 3'P-NMR signal (relative to each
phospholipid class) was divided by the sum of
all integrals, hence giving its molar fraction as
a percent value. The results represent the per-
centage of each class with respect to total
phospholipids. LC-MS data were utilized to
evaluate the lipid distribution within each class.
As different lipid classes have different ioniza-
tion response in ESI LC-MS, the molar fraction
of members of each class was calculated by
integrating the MS peaks of all lipids and nor-
malizing to 100% the sum of all integrals of the
lipids of the same class. Each percentage was
then calculated by dividing the integral of each
lipid species against the sum of all integrals
within the same class.

gPCR

Selected gene sequences were identified by
Blastp and Blastx in the reference genome of
M. galloprovincialis [29] using previously pub-
lished bivalve sequences as main reference
[16]. Open reading frames (ORF) for each gene
were identified with Expasy Translate Tool
(https://web.expasy.org/translate/). Selective
primer pairs for each gene were designed with
NCBI Primer Blast (https://www.ncbi.nim.nih.
gov/tools/primer-blast/) (Table S1). All proce-
dures (RNA extraction, retro-transcription and
gPCR) were carried out as in [26]. Briefly,
after extraction, RNA concentration and quality
were verified using the Qubit RNA assay
(ThermoFisher, Milan, Italy) and electrophore-
sis using a 1.5% agarose gel under denaturing
conditions. Aliquots of 1 ug RNA were reverse-
transcribed into cDNA [26]. qPCR reactions
were performed in triplicate in a final volume
of 15 puL in a CFX96™ Real-Time qPCR system
apparatus (Biorad, Milan, Italy) using a stand-
ard “fast mode” thermal protocol (60°C).
Details on qPCR conditions are reported in
Table S1. A control lacking cDNA template (no-
template) was included. Expression of target
mRNAs was calculated by a comparative C,
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method using HEL and EF-al as reference
genes [26]. Data are reported as relative
expression in larvae (log -transformed fold
changes) with respect to eggs.

Statistics

Data on phospholipid composition were ana-
lysed by two-way ANOVA followed by the Bon-
ferroni’'s post-test (P<0.05) using GraphPad
Prism 6 software (GraphPad Inc.). Multivariate
statistical analyses, including heat map clus-
tering, principal component analysis (PCA) and
partial least squares-discriminant analysis
(PLS-DA) were performed using MetaboAnalyst
5.0 (https://www.metaboanalyst.ca) [30]. For
gPCR, data were analysed using the non-para-
metric one-way ANOVA followed by the Mann-
Whitney U test (P<0.05), using GraphPad Prism
6 software (GraphPad Inc.).

Results
Total lipids

1H-NMR analysis of lipid extracts showed that
in all groups (eggs, 24 and 48 hpf larvae) lipids
containing PUFAs with w-3 chains represented
the most abundant class, followed by non w-3
lipids, and by low amounts of sterols (choles-
terol). Representative *H-NMR spectra of each
group are shown in Figure S1A-C. The propor-
tion of non w-3 lipids progressively increased
from eggs to 48 hpf larvae (from 66 to 87% of
the total), whereas an opposite trend was
observed for w-3 lipids (from 32 to 12%). Also,
the amount of sterol was higher in eggs with
respect to larvae (2 and 1%, respectively)

(Figure S1D).
Phospholipids

The relative molar fractions of phospholipid
classes were determined through the 3!P-NMR
spectra as previously described [14]. As shown
in Figure 1, PC+pPC represented the majority
of phospholipids in all samples (with an aver-
age molar distribution *53%), followed by pPE
(=36%) and CAEP (=11%), showing a similar pro-
portion in eggs and larvae. No PE and Pl were
identified by 3*P-NMR.

Characterization of lipid species
The overall profile of TAG, FFA, and phospholip-

ids, in terms of chain lengths and unsaturation,
was evaluated by LC-MS.
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Total TAGs and FAAs: Among TAGs, 38 species
were identified in all samples (Figure S2), with
a total number of carbons (from 48 to 58) and
a high degree of unsaturation (average 6 C=C
bonds). The most abundant TAGs were 52:6,
54:6 and 56:10. Relative TAG composition did
not significantly change among eggs and lar-
val stages (Figure S2). Nine main FFAs were
identified in eggs, 24 and 48 hpf larvae (Figure
2). In all samples, the major class was repre-
sented by saturated FAAs (SFA) (with the molar
sum of 14:0, 16:0 and 18:0 representing
from 71% of total FFAs in eggs to 84% in 48 hpf
larvae), followed by PUFAs (from 27 to 12%)
and by a lower amount of monounsaturated
FAs (MUFA) (from 2 to 4%) (Figure 2A). Changes
in relative amounts of different FFAs were
observed across development; interestingly, a
large and significant decrease in w-FAA 20:5
(EPA) was observed in 48 hpf larvae with
respect to eggs (about -50%) (Figure 2B).

Phospholipids: In all samples, up to 56 phos-
pholipid species among PC, PE, Pl and CAEP
were identified. The heatmaps obtained from 3
independent parental pairs (Samples 1, 2 and
3) (Figure 3) show a similar trend in composi-
tion of different phospholipids from eggs to 24
and 48 hpf larvae in all samples. Samples 1
and 3 were homogeneous, whereas Sample
2 showed generally higher values for all phos-
pholipid species at each developmental stage.
Overall, the relative amounts of different phos-
pholipid show evident dynamic changes from
eggs to 24 and 48 hpf larvae.

A Principal Component Analysis (PCA) was first
applied to all samples. Figure S3 shows the
scores plot (PC2 vs PC1), with PC1 explaining
60% of total variance, indicating only a partial
separation among eggs, 24 and 48 hpf larvae.
A better separation could be observed when
considering PC2 and PC3, that together explain
about 30% of total variance.

Partial Least Squares-Discriminant Analysis
(PLS-DA) was subsequently applied for the clas-
sification of eggs, 24 and 48 hpf larvae, and
the results are reported in Figure 4. As shown
in Figure 4A, each group was clearly separated,
indicating distinct phospholipid profiles among
different groups of samples, with components
1 and 2 explaining, respectively, 37.3% and
37.6% of the total variance. Figure 4B reports
the VIP (Variable Importance in Projection)
score plot of the top 15 phospholipid species
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Figure 1. 3'P-NMR spectra of phospholipid classes in lipid extracts from M. galloprovincialis eggs (A) and larvae at
24 (B) and 48 (C) hpf. CAEP = ceramide aminoethylphosphonate; pPE = plasmenyl phosphatidylethanolamine; PC =
phosphatidylcholine; pPC = plasmenyl-PC. The molar fraction of each class was calculated by signal integration and

expressed as percentage of total phospholipids.
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Figure 2. LC-MS analysis of main free fatty acids (FFAs) in total lipid extracts
from M. galloprovincialis eggs and larvae at 24 and 48 hpf. A. Relative com-
position (%) in main FFAs: SFA = saturated FA; MUFA = monounsaturated FA;
PUFA = polyunsaturated FA; B. FFA species. Data, representing the mean +
stdev of 3 samples, are expressed as % molar ratio of total FFAs. Significant
differences with respect to eggs are reported (* = P<0.05, Two-way ANOVA,

(=10%). At 48 hpf, significant
decreases were observed for
pPE 18:1/20:5 and 20:2/
20:5, whereas the amount of
pPE 18:1/20:2, 18:1/22:2
and 40:4 was higher with
respect to eggs and 24 hpf
larvae.

LC-MS allowed for identifica-
tion and quantification of 4
Pl species (38:4, 38:5, 40:5
and 40:6). At 48 hpf, a signifi-
cant increase was observed
for Pl 40:5 with respect to
eggs and 24 hpf larvae (Figure
S6). Finally, fifteen different
CAEP were identified in all
samples (Figure 5). The most
abundant CAEP were 35:3
diene (=32%), 34:3 diene
(222%), 34:2 (=13%) and 35:3
Met (=5%). A progressive de-
crease in CAEP 34:2 and
increase in CAEP 35:3 diene,

Bonferroni post-test).

selected based on the PLS-DA model for
Component 1. The phospholipid species that
contributed mostly to the discrimination, with
recorded VIP values exceeding 1.5 [31], were
PC 36:6ll, PPE 18:1/22:2, PPE 38:5ll, CAEP
34:1 and PPE 18:1/20:1.

Quantitative changes in phospholipids across
development: Quantitative changes in relative
composition of different phospholipid species
in each class were evaluated.

Twenty PC species were identified in all sam-
ples (Figure S4), including a mixture of canoni-
cal PC (80%) and pPC (about 20%). The most
abundant PCs were 36:5 (=25%), 38:6 (=12%),
and pPC 36:5 (=10%). At 48 hpf, significant
decreases were observed in the amount of PC
36:5, and increases in PC 38:6, respectively,
in comparison to eggs and 24 hpf larvae.
Seventeen PE species were identified, all repre-
sented by pPE (Figure S5). The most abundant
were pPE 18:1/20:5 (=30%) and 18:1/20:2
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respectively, were observed
throughout development.

Expression of ceramide-related genes across
early development

Expression of genes involved in ceramide bio-
synthesis (SP2, KDSR2), metabolism (GC2),
and degradation (aCDase), was evaluated in 24
and 48 hpf larvae compared with eggs. The
results (Figure 6) indicate that SP2, the rate-
limiting enzyme in sphingolipid synthesis, is
highly upregulated with respect to eggs from
24 hpf (up to 100-fold at both 24 and 48 hpf,
P<0.05). Increased expression of KDSR2,
that catalyzes the reduction of 3-ketodihydro-
sphingosine to dihydrosphingosine, was also
observed (+60% at 24 hpf vs eggs, P<0.05). In
contrast, GC2, involved in ceramide glycosyl-
ation to form glucosylceramide, the core struc-
ture of many glycosphingolipids, was signifi-
cantly downregulated at 48 hpf with respect to
eggs and to 24 hpf larvae (-55%, P<0.05). Also
aCDase, that hydrolyzes lysosomal membrane
ceramide into sphingosine, the backbone of all
sphingolipids [32], was progressively upregu-
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Figure 3. Heatmap showing the relative amounts of phospholipids in M. galloprovincialis eggs, 24 and 48 hpf lar-
vae. The results are the mean of 3 samples obtained from independent parental pairs (eggs 1, eggs 2, eggs 3; 24
hpf 1, 24 hpf 2, 24 hpf 3; 48 hpf 1, 48 hpf 2, 48 hpf 3).

lated across development (up to 4,5-fold at 48
hpf, P<0.05).

Discussion

The results obtained represent the first lipido-
mic data in early development of M. gallopro-
vincialis, one of the main economically and
ecologically relevant species of bivalves world-
wide. The lipid profile of mussel eggs and first
larval stages (24 and 48 hpf) was character-
ized through untargeted lipidomic analysis
using NMR spectroscopy and LC-MS, as previ-
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ously described in hemocytes of adult mussels
[14].

The results of *H-NMR analysis indicated a
decrease in w-3 containing lipids from eggs to
larvae. Such a change most likely reflects the
oxidative degradation of PUFAs as a source of
energy in early developmental stages, where
larvae were not fed. This highlights the role of
energy-supply by w-3 PUFAs in molluscan
embryogenesis as previously reported ([33]
and refs. therein). The decrease in PUFAs
observed in both 24 and 48 hpf larvae with
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respect to eggs could be partly ascribed to
20:5 (EPA), as subsequently indicated by FFA
analysis by LC-MS. These FFAs, together with
22:6 PUFAs, are of particular importance in
membrane integrity, as structural modulators
of enzymes, transporters and receptors, and as
precursor of signaling molecules, thus regulat-
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36:2

36:3 OH

ing multiple cellular functions
[20]. Our data are in line with
those obtained in the first
larval stages of the scallop
Pecten maximus, where a
decrease in the amount of
20-carbon PUFAs was ob-
served, reflecting a metabolic
activity specific to this lipid
class in the early endotrophic
phase of development, when
larvae only rely on maternal
lipids [34].

Oeggs
024 hpf
@48 hpf

36:3 OH
37:3
37:3

31P-NMR analysis identified 3
main phospholipid classes
(PC, PE and CAEP), with a
similar proportion of PC (50%)
> PE (40%) > CAEP (13%) in
both eggs and larvae. Their
relative content was different
from that recently described
in the hemocytes of adult specimens of M.
galloprovincialis [14], with PC (36%) > PE (35%)
> CAEP (29%), in line with literature data on
adult tissues of this species [13, 15].

LC-MS was also utilized to identify phospholipid
species. The results indicate dynamic changes
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Figure 6. Basal expression of genes involved in ce-
ramide metabolism in M. galloprovincialis larvae at
24 hpf and 48 hpf larval stages. SP2 = serine palmi-
toyltransferase-1; KDSR2 = 1,3-ketodihydrosphingo-
sine reductase; GC2 = ceramide glucosyltransferase;
aCDase = acid ceramidase. Data (mean + stdev) are
reported as relative expression (log,-transformed
fold changes) with respect to eggs. * eggs vs 24 or
48 hpf, P<0.05; # 24 hpf vs 48 hpf, P<0.05.

in relative composition of phospholipids across
early larval development. PLS-DA analysis
showed a clear separation among eggs, 24 and
48 hpf larvae, indicating that each group is
characterized by a distinct phospholipid pro-
file; moreover, the obtained VIP scores identi-
fied PC 36:6ll, pPE 18:1/22:2, pPE 38:5ll, CAEP
34:1 and pPE 18:1/20:1 as those phospholip-
ids that contribute mostly to the discrimination
among the three groups.

Quantitative analysis of different species in
each phospholipid class revealed changes in
relative composition of PC and PE, in particular
of pPC and pPE. Shellfish are rich in polar lipids,
especially glycerophospholipids, such as plas-
malogens, characterized by a vinyl ether bond
at sn-1 position and an ester bond at sn-2 posi-
tion: these phospholipids play critical roles in
cellular membrane structure-mediated func-
tions and in membrane protein activity, also
acting as a storage pool of long chain PUFAs,
EPA and DHA in particular ([12] and refs. there-
in). A study on six species of adult bivalves
showed that the mussel Mytilus edulis has the
highest percentage of plasmalogens [12]. In
the present work, 20 plasmalogen species
were identified in eggs and larvae of M. gallo-
provincialis, 17 of which represented by pPE, all
unsaturated, containing up to seven double
bonds. The composition and relative amounts
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of different PC, pPC, and pPE in eggs and larval
samples was distinct from that observed in
cells of adult mussels evaluated with the same
techniques [14], since eggs and larvae showed
higher amounts of pPC, lower amounts of pPE
and only traces of PE (<1%, not shown) com-
pared with hemocytes. Interestingly, 48 hpf lar-
vae showed significant changes in the amount
of different pPC and pPE, suggesting specific
roles of plasmalogens in the larval transition to
the first D-shell stage.

With regards to CAEP, the results represent
the first data on their identification in eggs and
first larval stages of marine invertebrates, and
confirm that CAEP is the third most abundant
phospholipid in bivalves, after PC and PE.
However, the total CAEP content was lower in
eggs and larvae (13%) than in tissues and
cells of adult and juvenile mussels (about 30%)
[7, 8, 14]. Moreover, eggs and larvae were char-
acterized by the presence of CAEP dienes and
the absence of hydroxylated CAEPs (CAEP
35:30H) compared with hemocytes [14]. What
is more, our data show that the relative
amounts of different CAEP species, and in par-
ticular that of the most abundant CAEP (34:2
and 35:3 diene) are progressively modified
from eggs to both larval stages, suggesting a
role for ceramide-based polar lipids across
early development.

A recent detailed lipidomic study on larval
development of marine mollusks was per-
formed on the gastropod Haliotis discus han-
nai [31]. The results showed alterations in the
composition of TAGs and different phospholip-
ids at later developmental stages (96 h and 90
days old larvae) with respect to the present
study. In Mytilus early development, the transi-
tion from 24 hpf (first trocophora stage) to the
first shelled larva, the D-veliger stage, within
the first 48 hpf, is probably the most dramatic
event to occur [22, 35, 36]. Such a transition
involves profound molecular and functional
modifications leading to first neurodevelop-
ment, shell biogenesis, and organogenesis.
These modifications must rely on a complex
regulation of differentiation, proliferation and
apoptotic processes, that will utilize lipids not
only as an endogenous energy source, but also
as signaling molecules. During the transition to
the first D-veliger stage of C. gigas, transcrip-
tomic and metabolomics data underlined
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changes in phospholipid metabolic processes
[36]. However, compared to other-omics
approaches, lipidomics has not been so far
applied in early bivalve development [37].

The results here obtained suggest that phos-
pholipids may play multiple functional and
structural roles in bivalve first developmental
stages; among these, CAEP is a bivalve-spe-
cific ceramide-based lipid similar to sphin-
gomyelin, which plays key structural and func-
tional roles in vertebrate cell membranes [7, 8,
13, 16]. Although the amount of total CAEP did
not change across early mussel development,
the results indicate a rearrangement in relative
amounts of different CAEP species from eggs
to early larval stages, suggesting changes in
ceramide-based metabolism.

Ceramide is an important lipid cell-signaling
factor that, beside acting as a precursor for all
complex sphingolipids, is involved in numerous
effector pathways, e.g. in kinase-mediated
transduction cascades and different down-
stream responses [11]. Ceramides regulate
apoptosis and cell differentiation, two process-
es at the core of embryo development [38], in
both mammals and in the zebrafish [39, 40].
Transcriptomic analysis in the clam Venerupis
decussata revealed changes in genes related
to the regulation of ceramide levels during
oocyte maturation [41]. Changes in ceramide
metabolism may thus play a physiological role
also in early bivalve development.

All de novo ceramide synthesis starts with the
condensation of L-serine with palmitoyl-coen-
zyme A, catalyzed by serinepalmitoyl transfer-
ase (SP), and it produces 3-ketosphinganine,
which can be further reduced to dihydrosphin-
gosine by 3-ketoreductase [11]. In order to
shed some light on ceramide metabolism,
expression of four genes that represent key
steps in ceramide metabolism was evaluated;
these genes were selected in Mytilus genome
in analogy with those previously identified in C.
gigas [16]. The results indicate significant
changes in the expression pattern of all genes
across early development. In particular, a
strong upregulation of SP2, the rate-limiting
enzyme in sphingolipid synthesis, was observed
from 24 hpf with respect to eggs, indicating
increased biosynthesis of ceramides during
early larval stages. Downregulation of GC2,
that participates in the initial step of the gluco-
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sylceramide-based synthetic pathway, would
further contribute to increase ceramide levels.
On the other hand, a progressive upregulation
of aCDase, that catalyzes the hydrolysis of
ceramide into sphingosine and FFA, was also
observed, in line with reports showing that this
enzyme is required for early embryo survival
[42]. Increased ceramide production (through
de novo synthesis or reduced metabolism via
glycosylation) may be necessary to stimulate
the signaling pathways necessary for early
developmental processes. In larvae at 24 hpf,
differentiation of first neurons occurs, accom-
panied by upregulation of components of the
serotonergic and dopaminergic system [23-25].
Since ceramide is a modulator of monoamine
transporter function [43], its levels may regu-
late early neurodevelopment [23-25]. However,
ceramide accumulation may be followed by
increased metabolism after it has performed
its signaling roles. Moreover, its metabo-
lite sphingosine/sphingosine 1-phosphate may
function as a downstream signaling molecule in
regulating cell growth, proliferation, differentia-
tion, and survival [17].

Conclusion

Overall, the results indicate that changes in
phospholipid profiles may reflect the functional
roles of these lipids in early mussel develop-
ment. These data can represent the basis for
future research of the lipidome of marine
bivalves in development and growth in healthy,
stressed and pathologic conditions. With
regards to ceramides, they are involved in the
progression of several human diseases, and
are thus utilized as biomarkers of heart and
metabolic dysfunctions [44, 45]. Information
on ceramide levels and composition in bivalve
larvae and adults may open up the possibility
to utilize these lipids as health biomarkers also
in marine bivalves. This is of utmost impor-
tance when considering that bivalve popula-
tions, that represent key ecological compo-
nents in coastal ecosystems and include eco-
nomically important aquacultured species,
have been subjected to a significant decline in
the last two decades [46, 47]. Such a decline is
due to multiple causes, including the impact
of changing climate conditions [48]. The sensi-
tivity of larval stages to environmental pertur-
bations, including predicted changes in ocean
temperature and pH, may represent a key fac-
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tor. Future research on changes of phospholip-
id-related biomarkers in bivalves in response to
environmental changes would be of importance
in a global change scenario.
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Table S1. Primers sequences for gPCR

Gene  Primers

Amplicon  Amplification efficiency

size bp (%)
Ceramide metabolism SP2  Fwd: TTT GGT GCT GCT GGT GGT TA 104 103
Rev: ACT GCG GGA CAC ATT GTA GG
KDSR2 Fwd: TCA AGT GGC ATA GGG AAG GC 103 98
Rev: CAA CCT TTG CAG CTT CGA GT
GC2  Fwd: TGT TGG AGT TGA CCC TCA CC 106 98
Rev: TGC TGA ATC CAT TTC ATC TTG GA
aCDase Fwd: CGA TTA TGG GAG GGG TTC GC 101 103
Rev: CCA TCT TCC TGA CTT GGC GT
Housekeeping genes EF-a1 Fwd: CGT TTT GCT GTC CGA GAC ATG 135 99
Rev: CCA CGC CTCACATCATITCTT G
HEL  Fwd: GCA CTC ATC AGA AGA AGG TGG C 129 132

Rev: GCT CTC ACT TGT GAA GGG TGA C

SP2 = serine palmitoyltransferase-1; KDSR2 = 1,3-ketodihydrosphingosine reductase; GC2 = ceramide glucosyltransferase;
aCDase = acid ceramidase; EF-a1 = Elongation factor-a1; HEL = Helicase.

A
Acyl terminal Me
66%
w-3 acyl
terminal Me
32%
[
J Sterols
2%

R ———

18 1116 114 1,12 1.10 1.08 1.06 1.04 1.02 1.00 0.98 0.96 0.94 0.92 0.90 0.88 0.86 0.84 0.82 0.60 0.78 0.76 0.74 0.72 0.70 0.68 0.66 0.64 0.62 0.60 0.58 0.56
1 (ppm)

|- 500

350
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B Acyl terminal Me 170
77%

- 160
150
140
130

w-3 acyl k120
terminal Me
22%

8 5 & 8 8 3 8 8

Sterols
1%

-
=

118 1016 114 1112 1110 1108 1.06 1.04 1.02 1.00 0.98 0.96 0.94 0.92 0.90 0.88 0.86 0.84 0.82 0.80 0.78 0.76 0.74 0.72 0.70 0.68 0.66 0.64 0.62 0.60 0.58 0.56
1 (ppm)

C Acyl terminal Me
87% H130

w-3 acyl
terminal Me
12% L6o

118 1.16 1.14 1.12 1.10 1.08 1.06 1.04 1.02 1.00 0.98 0.96 0.94 0.92 0.90 0.88 0.86 0.84 0.82 0.80 0.78 0.76 0.74 0.72 0.70 0.68 0.66 0.64 0.62 0.60 0.58 0.56
11 (ppm)

D eggs 24 hpf 48 hpf

32% 22% 12%
19 ¥ non w-3 lipids
u w-3 lipids
1% m Sterols
66% 2% 7% 87%

Figure S1. *H-NMR spectra of total lipid extracts from M. galloprovincialis eggs (A) and larvae at 24 hpf (B) and 48
hpf (C). Signals shown are relative to acyl chain terminal methyl of w-3 and non w-3 lipids, and to the angular methyl

2
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of free sterols. Molar fraction is calculated by integration of these three signals and expressed as percentage over
their integral sum. (D) Data are reported as relative composition (% values) of non w-3 lipids, w-3 lipids and total
sterols in eggs and larvae at 24 and 48 hpf.
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Figure S2. LC-MS analysis of main triglycerides (TAG) species (1% cutoff) in lipid extracts from M. galloprovincialis
eggs and larvae at 24 and 48 hpf. Data, representing the mean * stdev of 3 samples, are expressed as % molar
ratio of total TAG.
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Figure S3. PCA score plots of phospholipid data (PC, PE, PI, CAEP species) in the three groups (eggs, 24 and 48 hpf
larvae). The explained variances are shown in brackets. A. 2D plot of Principal Components 1 and 2. The colored
ellipses represent the 95% confidence interval, and the explained variations are shown in brackets. B. 3D plot of
Principal Components 2 and 3.
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Figure S4. LC-MS analysis of main PC species in lipid extracts from M. galloprovincialis eggs and larvae at 24 and
48 hpf. Data, representing the mean + stdev of 3 samples, are expressed as % molar ratio of total PC. Significant
differences are reported (* eggs vs 24 or 48 hpf; # 24 vs 48 hpf; P<0.05, Two-way ANOVA, Bonferroni post-test).
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Figure S5. LC-MS analysis of main pPE species in lipid extracts from M. galloprovincialis eggs and larvae at 24 and
48 hpf. Data, representing the mean + stdev of 3 samples, are expressed as % molar ratio of total plasmenyl-PE.
Significant differences (* eggs vs 48 hpf; # 24 vs 48 hpf; P<0.05, Two-way ANOVA, Bonferroni post-test) are reported.
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Figure S6. LC-MS analysis of main Pl species in lipid extracts from M. galloprovincialis eggs and larvae at 24 and 48
hpf. Data, representing the mean + stdev of 3 samples, are expressed as % molar ratio of total PI. Significant differ-
ences (* eggs vs 48 hpf; # 24 vs 48 hpf; P<0.05, Two-way ANOVA, Bonferroni post-test) are reported.



